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Introduction

Loss of post-mitotic neurons from the adult brain underlies the pathology of
neurodegenerative diseases and neurotoxin exposure. Neuronal cell death occurs by two
mechanisms: necrosis and apoptosis. Apoptosis is a process whereby developmental cues and
environmental stimuli activate a genetic program to implement a series of steps that culminate in
cell death. An important aspect of apoptosis is that it can be halted and such interventions may
rescue dying neurons. The overall goal of this project is to identify key protein kinases involved
in regulating neuronal survival and apoptosis. The aims for the this year of funding as described
in the Statement of Work were to: 1) Continue studies on protein kinase cascades that regulate
neuronal survival, 2) Modulate the protein kinase cascades regulated by neurotrophic factors and
determine the consequence on neuronal survival and death, and 3) Begin studies examining the
cross-talk in pro-apoptotic and anti-apoptotic protein kinase signaling cascades. The progress
made in these areas, described below, has resulted in 4 published manuscripts (plus 2 submitted
manuscripts) and 9 abstracts presented at national and international scientific meetings.

Task #1. The first task is to identify protein kinase cascades that regulate neuronal
survival.

As described in our progress report last year, we identified MEF2 as a transcription factor
downstream of a depolarization-dependent, calcium-regulated pathway that controls neuronal
survival. These results were published in the Journal of Neuroscience last year. We have
extended these studies during the current year by examining whether GSK-3f is the kinase
regulating this pathway in dying neurons. To investigate a potential role for GSK-33 in MEF2D
phosphorylation, we examined the effects of lithium, an uncompetitive inhibitor of GSK-3f. on
MEF2D in granule neurons induced to undergo apoptosis. Lithium inhibited caspase-3
activation and DNA condensation and fragmentation induced by removal of depolarizing
potassium and serum. Lithium suppressed the hyperphosphorylation and caspase-mediated
degradation of MEF2D. Moreover, lithium sustained MEF2 DNA binding and transcriptional
activity in the absence of depolarization. Unexpectedly, MEF2D hyperphosphorylation was not
blocked by either forskolin, insulin-like growth factor-I, or valproate, three mechanistically
distinct inhibitors of GSK-3. These results suggest that lithium targets a novel kinase, different
from GSK-3p, that phosphorylates and inhibits the pro-survival function of MEF2D in cerebellar

granule neurons. Future studies will be aimed at identifying the protein kinase that induces
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hyperphosphorylation and degradation of MEF2. These initial results have been submitted to the

Journal of Biochemistry.

Task #2 The second task is to determine whether activation or inhibition of the
neurotrophin- regulated kinases is necessary or sufficient to influence neuronal survival.

Another area that we’ve made progress in is understanding how neurotrophin signaling,
in particular IGF-I, impacts on the intrinsic death machinery in neurons. Over the last year, we
identified the intrinsic (mitochondrial) death pathway as a principal target of IGF-I action in
cerebellar granule neurons. Cerebellar granule neurons depend on insulin-like growth factor-I
(IGF-I) for their survival. However, the mechanism underlying the neuroprotective effects of
IGF-I is presently unclear. Studies in the the last year have indicated that IGF-I protects granule
neurons by suppressing key elements of the intrinsic (mitochondrial) death pathway. IGF-I
blocked activation of the executioner caspase-3 and the intrinsic initiator caspase-9 in primary
cerebellar granule neurons deprived of serum and depolarizing potassium. IGF-I inhibited
cytochrome C release from mitochondria and prevented its redistribution to neuronal processes.
The effects of IGF-I on cytochrome C release were not mediated by blockade of the
mitochondrial permeability transition pore since IGF-I failed to inhibit mitochondrial swelling or
depolarization. In contrast, IGF-I blocked induction of the BH3-only Bcl-2 family member.
Bim, a mediator of Bax-dependent cytochrome C release. The suppression of Bim expression by
IGF-I did not involve inhibition of the c-Jun transcription factor. Instead, IGF-I prevented
activation of the forkhead family member, FKHRLI, another transcriptional regulator of Bim.
Finally, adenoviral-mediated expression of dominant-negative AKT activated FKHRL1 and
induced expression of Bim. These data suggest that IGF-I signaling via AKT promotes survival
of cerebellar granule neurons by blocking the FKHRL1-dependent transcription of Bim, a

principal effector of the intrinsic death signaling cascade. These results are in press (The

Journal of Neuroscience).

Task #3 The third task is to determine whether there is cross-talk between pro-apoptotic
and anti-apoptotic signaling pathways.

In other experiments this year, we examined the involvement of death receptor signaling in
granule neuron apoptosis by expressing adenoviral, AUl-tagged, dominant-negative Fas-
associated death domain (Ad-AU1-AFADD). Ad-AU1-AFADD decreased apoptosis of granule

neurons from 65+£5% to 27+2% (n=7, p<0.01). Unexpectedly, immunocytochemical staining for
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AU revealed that <5% of granule neurons expressed AFADD. In contrast, AFADD was
expressed in >95% of calbindin-positive Purkinje neurons (~2% of the cerebellar culture).
Granule neurons in proximity to AFADD-expressing Purkinje cells demonstrated markedly
increased survival. Both granule and Purkinje neurons expressed insulin-like growth factor-I
(IGF-I) receptors and AFADD-mediated survival of granule neurons was inhibited by an IGF-I
receptor blocking antibody. These results demonstrate that the selective suppression of death
receptor signaling in Purkinje neurons is sufficient to rescue neighboring granule neurons that
depend on Purkinje cell-derived IGF-I. Thus, the extrinsic death pathway has a profound, but

indirect, effect on the survival of cerebellar granule neurons. These results have been published

in the Journal of Biochemistry. Appendix 1.

Key Research Accomplishments

Our key research accomplishments over the last year lie in several areas. One is
identifying protein kinases and phosphatases that regulate transcription factors controlling
neuronal survival and death. We have also examined the intrinsic and extrinsic death machinery
in cerebellar neurons and the protein kinases that impact on the death process. Perhaps, the most
exciting finding over the last year is the discovery that different types of neurons use distinct

molecular mechanisms to die.

Reportable Outcomes
Manuscripts (2002)

1. Linseman, DA, ML McClure, RJ Bouchard, TA Laessig, D Brenner. and KA Heidenreich.
Suppression of death receptor signaling in cerebellar Purkinje neurons protects neighboring
granule neurons form apoptosis. J. Biol. Chem 277:24546-24553, 2002.

2. Allen, MP, DA Linseman, H Udo, M Xu, B Varnum, ER Kandel, KA Heidenreich, and ME
Wierman. A novel mechanism for GnRH neuron migration involving Gas6/Ark signaling to
p38 MAP kinase. Mol. Cell. Biol. 22 (2): 599-613, 2002

3. Linseman, DA, RA Phelps, RJ Bouchard, TA Laessig, SS Le, and KA Heidenreich. Insulin-
like growth factor-I blocks Bim induction and intrinsic death signaling in cerebellar granule
neurons. J, Neuroscience, in press.

4. Allen, MP, M Xu, DA Linseman, JE Pawlowski, GM Bokoch, KA Heidenreich, and ME
Wierman Adhesion related kinase (ARK) repression of gonadotropin releasing hormone
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(GnRH) gene expression requires Rac activation of the extracellular signal-regulated kinase
(ERK) pathway. J. Biol. Chem., in press.

Linseman, DA, BJ Cornejo, SS Le, MK Meintzer,, TA Laessig , RJ Bouchard, and KA
Heidenreich. A novel mechanism for lithium neuroprotection involving suppression of
myocyte enhancer factor 2D hyperphosphorylation and degradation. (submitted, J.Biol.

Chem.).

Abstracts (2002)

1.

o

Linseman, DA, ML McClure, RA Phelps, RJ Bouchard, TA Laessig, SS Le, F Ahmadi, and
KA Heidenreich. Extrinsic and intrinsic death signaling in cerebellar neuronal apoptosis:

the IGF-I connection. 8" International Conference on Neural Transplantation and Repair,
Keystone, CO 2002.

Jones, SM, MK Meintzer, CR Freed, KA Heidenreich, and Zawada, WM. SC68376, a
novel inhibitor of p38 MAP kinase rescues rat and human dopaminergic neurons from
apoptotic cell death. 8" International Conference on Neural Transplantation and Repair,
Keystone, CO 2002

Ahmadi, F., S. Doolin, NR Zahniser, MP McGrogan, KA Heidenreich, and MW Zawada.
Effects of serum withdrawal and MPP+ on the HNT-neurons. 8" International Conference on
Neural Transplantation and Repair, Keystone, CO 2002.

Linseman, DA, RA Phelps, RJ Bouchard, TA Laessig, SS Le, F Ahmadi, and KA
Heidenreich. IGF-I inhibits Bim induction and the intrinsic death signaling cascade in

cerebellar granule neurons. Keystone Symposium, Mitochondria and Pathogenesis, Copper,
CO 2002.

. McClure, ML, DA Linseman, RJ Bouchard, TA Laessig, FA Ahmadi, and KA Heidenreich,

Suppression of death receptor signaling in cerebellar Purkinje neurons protects neighboring
granule neurons from apoptosis via an IGF-I dependent mechanism. The Endocrine Society’s
84™ Annual Meeting, 2002.

Linseman, DA, RA Phelps, RJ Bouchard, TA Laessig, SS Le, and KA Heidenreich. Insulin-
like growth factor-I rescues cerebellar granule cerebellar neurons from apoptosis by blocking

Bim induction and mitochondrial death signaling. The Endocrine Society’s 84" Annual
Meeting, 2002.

McClure ML, D A Linseman, R Bouchard, T A Laessig, M K Meintzer, S S Le and K A
Heidenreich. Identification of an autophagic death pathway in cerebellar Purkinje neurons
downstream of death receptor signaling.. Society for Neuroscience 2002.

Ahmadi, F., DA Linseman, RJ Bouchard, S Jones, CR Freed, KA Heidenreich, and MW
Zawada. Rotenone induces death of primary dopamine neurons by a caspase-dependent
mechanism. Soc. for Neuroscience Annual meeting, 2002.
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9. Linseman, DA, CM Bartley, MK Meintzer, SS Le, TA Laessig, RJ Bouchard, and KA
Heidenreich. Ca2+/Calmodulin-dependent Protein kinase II Promotes Neuronal Survival by
Inhibiting HDAC Repression of MED2D. The American Society for Cell Biology, 2002.

Invited talks

2001 Danish Society for Neuroscience and Danish Society for Biochemistry and Molecular
Biology, Symposium on Molecular Mechanisms in Neuronal Degeneration, Copenhagen,
Denmark

2002 Plenary talk, New York Academy of Science Symposium “ PD: Life Cycle of the
Dopamine Neuron”, Princeton, N.J.

Conclusions

The scope of research over the last year has been to continue experiments outlined in
Task#1, Task#2, and Task #3 of our original research proposal. Towards this goal, we have
identified a number protein kinase cascades and effectors that regulate neuronal survival and
apoptosis. In cultured rat cerebellar granule neurons, a good model for studying apoptosis in
primary differentiated neurons, we have studied various aspects of 2 different pathways that
regulate neuronal survival, an IGF-I-regulated protein kinase pathway involving PI-3 kinase and
Akt and a Ca++ sensitive pathway regulating the activity of a family of transcription factors that
signal survival. The major contribution of these studies is the discovery that IGF-I signaling via
AKT promotes survival of cerebellar granule neurons by blocking the FKHRL1-dependent
transcription of Bim, a principal effector of the intrinsic death signaling cascade. We will
continue to examine other components of the intrinsic death pathway, i.e. Bax and determine
how they interact to promote cell death. Experiments are also planned to continue studying the
regulation of MEF2s in neurons and identify the genes that are transcriptionally modified by this
family of transcription factors. We plan on using a proteomics approach to identify prosurvival

proteins.
References NONE
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Neuronal apoptosis contributes to the progression of
neurodegenerative disease. Primary cerebellar granule
neurons are an established in vitro model for investigat-
ing neuronal death. After removal of serum and depo-
larizing potassium, granule neurons undergo apoptosis
via a mechanism that requires intrinsic (mitochondrial)
death signals; however, the role of extrinsic (death re-
ceptor-mediated) signals is presently unclear. Here, we
investigate involvement of death receptor signaling in
granule neuron apoptosis by expressing adenoviral,
AUl-tagged, dominant-negative Fas-associated death
domain (Ad-AU1-AFADD). Ad-AU1-AFADD decreased
apoptosis of granule neurons from 65 = 5 to 27 £ 2% (n =
7, p < 0.01). Unexpectedly, immunocytochemical stain-
ing for AUl revealed that <5% of granule neurons ex-
pressed AFADD. In contrast, AFADD was expressed in
>95% of calbindin-positive Purkinje neurons (~2% of the
cerebellar culture). Granule neurons in proximity to
AFADD-expressing Purkinje cells demonstrated mark-
edly increased survival. Both granule and Purkinje neu-
rons expressed insulin-like growth factor-I (IGF-I) re-
ceptors, and AFADD-mediated survival of granule
neurons was inhibited by an IGF-I receptor blocking
antibody. These results demonstrate that the selective
suppression of death receptor signaling in Purkinje
neurons is sufficient to rescue neighboring granule neu-
rons that depend on Purkinje cell-derived IGF-I. Thus,
the extrinsic death pathway has a profound but indirect
effect on the survival of cerebellar granule neurons.

Apoptosis is a type of programmed cell death characterized
by a cascade of proteolytic events orchestrated by the caspase
family of cysteine proteases (1). There are two principal path-
ways leading to apoptotic cell death. These include the “extrin-
si¢” or death receptor-initiated pathway and the “intrinsic” or
mitochondrial pathway (2). The extrinsic pathway originates
with binding of death-promoting ligands (e.g. FasL) to their

* This work was supported by a Department of Veterans Affairs
Merit Award (to K. A. H.), Department of Defense Grant DAMD17-99-
1-9481 (to K. A. H.), National Institutes of Health Grant NS38619-01A1
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Program (to K. A. H. and D.A.L.). The costs of publication of this article
were defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

1 These authors contributed equally to this work.
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cognate death receptors (e.g. Fas) (3). Ligand binding induces
oligomerization of death receptors and promotes their associa-
tion with adapter molecules like Fas-associated death domain
protein (FADD)! (4). The receptor-FADD interaction occurs via
a protein-protein binding motif known as the death domain (5).
The initiator caspase, pro-caspase 8, is then recruited to the
death-inducing signaling complex via binding to the death ef-
fector domain of FADD (6). The resulting proximity of multiple
pro-caspase 8 molecules facilitates their autocatalytic cleavage
to the active protease caspase 8 (7). The intrinsic pathway is
initiated by release of cytochrome ¢ from mitochondria and its
subsequent association with apoptosis-activating factor 1 and
pro-caspase 9 (8). This large protein complex (the apoptosome)
promotes activation of caspase 9 (9). The intrinsic pathway is
regulated by both pro- and anti-apoptotic members of the Bcl-2
family (10). Each of the above initiator caspases, 8 and 9, cleave
downstream executioner caspases such as caspase 3 from the
pro-form to the active protease, thus resulting in the cleavage
of critical cellular proteins and apoptosis (11, 12).

Neuronal apoptosis plays an essential role in the normal
development of the central nervous system (13). Developmental
neuronal cell death requires activation of a caspase cascade as
evidenced by the substantial hyperplasia observed in many
areas of the brain in caspase 3 knock-out mice (14). Aberrant
apoptotic mechanisms are thought to contribute significantly to
many neurodegenerative disorders including Alzheimer’s and
Parkinson’s disease (15). Therefore, elucidation of the apoptotic
signaling pathways underlying neurodegeneration is critical to
enhance current therapies for these disorders. Recent findings
indicate that components of both the extrinsic (death receptors
or their ligands) and intrinsic (Bel-2 family members) death
pathways are regulated at the level of expression during neu-
rodegeneration or neuronal injury in vivo (16, 17). Moreover,
transgenic animal models or spontaneously occurring mutants
of specific death receptor-signaling molecules or Bel-2 family
members provide further evidence that these pathways are
involved in neuronal injury (18, 19).

To examine the signal transduction mechanisms underlying
neuronal apoptosis, primary neuronal cultures have been ex-
tensively utilized. Primary cerebellar granule neurons isolated
from early postnatal rats are a well characterized model system

1 The abbreviations used are: FADD, Fas-associated death domain
protein; IGF-1, insulin-like growth factor-I; AFADD, Fas-associated
death domain protein lacking a death effector domain; DAPI, 4,6-dia-
midino-2-phenylindole; m.o.i., multiplicity of infection; PBS, phosphate-
buffered saline; Ad-AU1-AFADD, adenoviral, AUl-tagged, dominant-
negative Fas-associated death domain; 25k + Ser, control medium
containing serum and 25 mM potassium; 5k—Ser, apoptotic medium
lacking serum and containing 5 mM potassium.

This paper is available on line at http://www.jbc.org
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for investigating neuronal apoptosis (20). These cell cultures
are highly homogeneous, with greater than 95% of the isolated
cells being granule neurons (21). The remaining cells include
glial cells and other neuronal cells such as Purkinje neurons,
which demonstrate an interdependent relationship with gran-
ule neurons both in vivo and in vitro (22, 23). Cerebellar gran-
ule neurons require activity-dependent signals (membrane de-
polarization) and serum for their survival in vitro (20, 21, 24).
After removal of serum and lowering of extracellular potassium
from 25 to 5 mM (trophic factor withdrawal), granule neurons
undergo rapid apoptotic cell death characterized by caspase
activation and nuclear condensation and fragmentation (21).
Cerebellar granule neuron apoptosis is attenuated by neuro-
trophic growth factors, including insulin-like growth factor-I
(IGF-I) (20, 21, 24-26), or by inhibitors of the stress-activated
protein kinases, c-Jun-NH,-terminal kinase or p38 mitogen-
activated protein kinase (27). Significantly, both neurotrophins
and stress-activated protein kinase inhibitors also rescue neu-
rons from apoptosis in vivo, thus validating the results ob-
tained in cerebellar granule neurons in vitro (28, 29).

Several studies indicate that the intrinsic death pathway
plays a critical role in cerebellar granule neuron apoptosis. For
example, granule neurons display a rapid translocation of the
pro-apoptotic Bel-2 family member, Bax, to mitochondria and
release of cytochrome ¢ after trophic factor withdrawal (30).
Moreover, cerebellar granule neurons isolated from Bax knock-
out mice exhibit a significant reduction in apoptosis in response
to serum and potassium deprivation (31). In addition, expres-
sion of the BH3-only, pro-apoptotic Bel-2 family member, Bim,
is markedly increased in granule neurons during trophic factor
withdrawal (32). In contrast to the above findings, relatively
little is known about the involvement of the extrinsic death
pathway in promoting cerebellar granule neuron apoptosis.
Le-Niculescu et al. (33) show that FasL, mRNA is induced after
trophic factor withdrawal in cerebellar granule neurons, and
furthermore, sequestration of FasL with FasFec attenuates
granule neuron apoptosis. However, additional data support-
ing a role for the extrinsic death pathway in cerebellar granule
neuron apoptosis have not been forthcoming.

In the present study, we examined the involvement of death
receptor signaling in cerebellar granule neuron apoptosis by
expressing a dominant-negative mutant of FADD (AFADD) in
primary cultures of cerebellar granule neurons using adenovi-
ral vectors. Our results show that adenoviral AFADD was
expressed almost exclusively in cerebellar Purkinje cells, yet it
effectively rescued granule neurons from apoptosis. The
AFADD-mediated survival of granule neurons was dependent
on their proximity to AFADD-expressing Purkinje cells and
required Purkinje cell-derived IGF-I. These data indicate that
the extrinsic death pathway significantly, but indirectly, influ-
ences the survival of cerebellar granule neurons.

EXPERIMENTAL PROCEDURES

Materials—Adenoviral-AU1-AFADD (34) was kindly provided by
Dr. David Brenner and the adenoviral core at the University of North
Carolina (Chapel Hill, NC). Dr. Sylvia Christakos at the University of
Medicine and Dentistry of New Jersey (Newark, NJ) kindly provided
rabbit polyclonal antibodies raised against rat calbindin D28K (85).
Monoclonal antibodies to the AU1 epitope tag were purchased from
Berkley Antibody Co. (Richmond, CA). Neutralizing monoclonal anti-
bodies against the IGF-I receptor were purchased from Omncogene
(Boston, MA). Fluorescein isothiocyanate- and Cy3-conjugated second-
ary antibodies were obtained from Jackson Immunoresearch (West
Grove, PA). Hoechst dye 33258 and DAPI (4,6-diamidino-2-phenylin-
dole) were purchased from Sigma.

Cell Culture—Primary rat cerebellar granule neurons were isolated
from 7-day-old Sprague-Dawley rat pups as described previously (36).
Briefly, cells were plated at a density of 2.0 X 10° cells/ml in basal
modified Eagle’s medium containing 10% fetal bovine serum, 25 mm
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KCl, 2 mM L-glutamine, and penicillin (100 units/ml)-streptomycin (100"
png/ml) (Invitrogen). Cytosine arabinoside (10 uM) was added to the
culture medium 24 h after plating to limit the growth of non-neuronal
cells. Experiments were performed after 7 days in culture. Apoptosis
was induced by removing the plating medium and replacing it with
serum-free medium containing 5 mm KCL.

Adenoviral AU1-AFADD Infection—The AFADD adenovirus was pu-
rified by cesium chloride gradient ultracentrifugation. The viral titer
(multiplicity of infection (m.o.i.) was determined by measuring the
absorbance at 260 nm (where 1.0 absorbance units = 1 X 102 particles/
ml), and infectious particles were verified by plaque assay. Five days
after plating, neuronal cultures were infected with Ad-AU1-AFADD at
a m.o.1. ranging from 5 to 50. After infection, cells were returned to the
incubator for 48 h at 37 °C and 10% CO,. On day 7, neurons were
induced to undergo apoptosis. Twenty-four hours later, the cells were
fixed for quantification of apoptosis and/or immunocytochemistry as
described below (under “Experimental Procedures”).

Quantitation of Apoptosis—Neuronal cultures were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4) for 30
min at room temperature and washed with PBS, and nuclei were
stained with either Hoechst dye or DAPI. Cells were scored as apoptotic
if their nuclei were condensed or fragmented. In general, ~500 cells
from at least 2 fields of a 35-mm well were counted. However, some
experiments were performed on glass coverslips, and granule neuron
apoptosis was quantified in relation to their proximity to AU1-positive,
AFADD-expressing Purkinje cells. For these experiments, two tech-
niques were utilized to prevent selective bias in defining the anti-
apoptotic effect of AFADD and the spatial association between surviv-
ing granule neurons and AFADD-expressing Purkinje cells. First, 40%
fields were randomly scanned under the Cy3 filter for AU1-positive
Purkinje cells (see “Immunocytochemistry” in this section, below).
Fields were randomly selected that contained from 0 to 4 Purkinje cells
per field (where “0” Purkinje cells implied no AU1 immunoreactivity
apparent in the 40X field, an area of ~100,000 um?). After identifica-
tion of the above fields, the filter was changed to DAPI, and granule
neuron apoptosis was quantified within each given field. The second
technique utilized to prevent selective counting bias was that random
fields were selected by two independent researchers. Ten fields contain-
ing on average 30 granule neurons per field were counted per condition
from a total of three independent experiments. Data are presented as
the percentage of cells in a given treatment group, which were scored as
apoptotic. All experiments were performed at least in triplicate.

Immunocytochemistry—Cerebellar cultures were plated on polyeth-
yleneimine-coated glass cover slips at a density of ~1.0 X 10° cells/
coverslip. Five days after plating, cells were infected with Ad-AU1-
AFADD and subsequently induced to undergo apoptosis 48 h post-
infection as described above. After treatment, cells were fixed with 4%
paraformaldehyde and then permeabilized and blocked in PBS contain-
ing 0.2% Triton X-100 and 5% bovine serum albumin. Cells were then
incubated overnight at 4 °C with either mouse-anti-AU1 (1:1000), rab-
bit-anti-calbindin (1:5000), or mouse-anti-IGF-I receptor (1 pg/ml) di-
luted in PBS containing 0.2% Triton X-100 and 2% bovine serum albu-
min. The primary antibody was aspirated, and cells were washed five
times with PBS. Cells were then incubated with the appropriate Cy3-
conjugated or fluorescein isothiocyanate-conjugated secondary antibody
(diluted 1:500) and DAPI for 1 h at room temperature. The cells were
then washed 5 times with PBS, and coverslips were adhered to glass
slides with mounting medium (0.1% p-phenylenediamine in 75% glyc-
erol in PBS). Fluorescence imaging was performed on a Zeiss Axioplan
2 microscope equipped with a Cooke Sensicam deep-cooled CCD cam-
era, and images were analyzed and subjected to digital deconvolution
using the Slidebook software program (Intelligent Imaging Innovations
Inc., Denver, CO).

Data Analysis—Results shown represent the means = S.E. for the
number (n) of independent experiments performed. Statistical differ-
ences between the means of unpaired sets of data were evaluated using
one-way analysis of variance followed by a post hoc Dunnett’s test (54).
A p value of <0.01 was considered statistically significant.

RESULTS

Adenoviral AFADD Attenuates Apoptosis of Cerebellar Gran-
ule Neurons Induced by Trophic Factor Withdrawal—To inves-
tigate if death receptor signaling is involved in the apoptotic
cell death of primary cerebellar granule neurons subjected to
trophic factor withdrawal, cerebellar cell cultures were infected
with increasing titers of adenoviral, AU1-tagged, dominant-
negative FADD (Ad-AU1-AFADD). AFADD is a truncated pro-
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‘tein that lacks the death effector domain and, therefore, inhib-
its coupling of liganded death receptors to the initiator caspase
8 (34, 37). Forty-eight hours after infection, cells were switched
from control medium containing serum and 25 mM potassium
to apoptotic medium lacking serum and containing 5 mMm po-
tassium. After an additional 24-h incubation, cells were fixed,
and nuclei were stained with Hoechst dye. Granule neurons
containing condensed and/or fragmented nuclei were scored as
apoptotic. As shown in Fig. 1A, uninfected granule neurons
maintained in control medium throughout the experiment
demonstrated a low amount of basal apoptosis (6 = 1%, n = 7).
Apoptosis in uninfected granule neurons switched to apoptotic
medium for 24 h measured 65 £ 5% (n = 7). Infection with a
negative control adenovirus (Ad-cytomegalovirus (CMV)) at a
m.o.i. of 50 had no effect on granule neuron apoptosis (69 * 5%,
n = 7), whereas infection with AFADD resulted in a significant
reduction in granule neuron apoptosis to 27 = 2% (n = 7,p <
0.01) at a m.o.i. of 50. At the adenoviral titers used in this
series of experiments (m.o.i. of from 5 to 50) there was no
detectable dose dependence of AFADD on granule neuron apo-
ptosis (Fig. 1A). When granule neuron apoptosis was carefully
analyzed on a field-by-field basis, it was evident that the pro-
tection observed with AFADD was not uniformly distributed
throughout the cell culture (Fig. 1B). Like the apoptosis ob-
served in uninfected cultures (Fig. 1B, compare the upper right
panel (apoptotic) to upper left panel (control)), there were some
fields in the AFADD-infected cultures that contained a similar
high percentage of apoptotic granule neurons (Fig. 1B, Field A).
However, other fields in the AFADD-infected cultures dis-
played a marked reduction in cerebellar granule neuron apo-
ptosis (Fig. 1B, Field B). Interestingly, this localized effect of
AFADD on granule neuron survival was invariably associated
with the presence of one or more large and irregularly shaped
nuclei within the field of protected granule neurons (Fig. 1B,
Field B, see the nuclei indicated by the arrows).

The Survival of Granule Neurons Is Dependent on Their
Proximity to AFADD-expressing Purkinje Cells—The cerebellar
cell cultures utilized in this study have been extensively char-
acterized and are deemed highly homogeneous with greater
than 95% of the culture being granule neurons (21). Of the
remaining cells, the most prevalent are Purkinje neurons,
which display an interdependent relationship with granule
neurons both in vivo and in vitro (22, 23). The calcium-binding
protein, calbindin, has been utilized as a marker for Purkinje
cells in the cerebellum (38). Immunocytochemical staining of
our cerebellar cell cultures for calbindin revealed that the
large, irregularly shaped nuclei described above in Fig. 1B
(Field B) were those of Purkinje neurons (Fig. 24). The identi-
fied Purkinje neurons demonstrated a classical morphology
characterized by an expansive dendritic tree (39). Further im-
munocytochemical analysis demonstrated that Purkinje cells
were very efficiently infected with Ad-AU1-AFADD as shown
by their marked staining with anti-AU1 (Fig. 2B). On average,
Purkinje neurons made up ~2% of the entire cerebellar cell
culture, and greater than 95% of identified Purkinje cells were
AUl-positive after infection with Ad-AU1-AFADD at a m.o.i. of
from 5 to 50. The lack of concentration dependence for AFADD
expression in Purkinje neurons over this range of adenoviral
titers correlated with the lack of dose dependence for AFADD
inhibition of granule neuron apoptosis (see Fig. 1A4), suggesting
that the protection observed was dependent on AFADD expres-
sion in Purkinje neurons.

As described above, the ability of AFADD to rescue granule
neurons from trophic factor withdrawal-induced death was
unevenly distributed throughout the cell culture, and the pro-
tected granule neurons were near Purkinje cells (Fig. 1B, Field
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Fic. 1. Adenoviral infection with AFADD attenuates cerebel-
lar granule neuron apoptosis induced by trophic factor with-
drawal; the protective effects of AFADD are localized. A, cerebel-
lar granule neurons were infected with either a negative control
adenovirus (Ad-cytomegalovirus (CMV)) or Ad-AU1-AFADD at the
m.o.i. shown on day 5 in culture. On day 7, cells were incubated in
either control (25K+Ser) or apoptotic (5K-Ser) medium for 24 h. After
incubation, granule neurons were fixed, and nuclei were stained with
Hoechst dye. Cells containing condensed and/or fragmented chromatin
were scored as apoptotic. For each experiment, at least 2 fields of ~500
granule neurons/field were counted per condition. The results shown
represent data obtained from seven independent experiments. ¥, statis-
tically different from 5K-Ser alone (p < 0.01). B, uninfected granule
neurons (fop panels) or granule neurons infected with AFADD at a
m.o.i. = 50 (bottom panels) were incubated in either control (25K+Ser)
or apoptotic (5K-Ser) medium for 24 h, and nuclei were then stained
with DAPI. Nuclei with condensed and/or fragmented chromatin were
abundant in uninfected granule neurons incubated in 5K-Ser medium
and in some fields of granule neurons infected with AFADD (Field A).
However, other fields of granule neurons infected with AFADD did not
display a significant number of apoptotic nuclei (Field B). These latter
fields invariably contained one or more larger and irregularly shaped
nuclei (indicated by the arrows). Scale bar = 10 um.

B). To further examine this effect, granule neuron apoptosis
was analyzed on a field-by-field basis as described in Fig. 1B;
however, infected cultures were stained with both DAPI (to
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| Calbindin
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Fic. 2. Ad-AU1-AFADD is expressed in calbindin-positive Pur-
kinje neurons. A, cerebellar cell cultures were maintained in control
(25K+8Ser) medium for 7 days. After fixation, cells were stained with
DAPI (left panel) and anti-calbindin (right panel) to identify Purkinje
neurons. The small nuclei are granule neurons, whereas the large
irregularly shaped nucleus (identified by the arrow) is that of a cal-
bindin-positive Purkinje cell. B, cerebellar cell cultures were infected
with Ad-AU1-AFADD at a m.o.i. = 50 on day 5 in culture. On day 7, the
cells were fixed and stained with DAPI (left panel) and anti-AU1 (right
panel) to identify AFADD-infected cells. The small nuclei are granule
neurons, whereas the large irregularly shaped nucleus (identified by
the arrow) is that of a AFADD-infected Purkinje cell. Scale bar =
20 pm.

assess nuclear morphology) and anti-AU1 to identify AFADD-
expressing cells. Uninfected cells displayed the expected high
amount of granule neuron apoptosis after trophic factor with-
drawal (Fig. 3A, compare the upper right panel (apoptotic) to
the upper left panel (control)). Similarly, fields of infected cul-
tures that did not contain any AFADD-positive Purkinje cells
also exhibited significant granule neuron death after trophic
factor withdrawal (Fig. 3A, Field A). In contrast, fields of
infected cells that contained at least one AFADD-expressing
Purkinje neuron displayed a marked reduction in granule neu-
ron apoptosis (Fig. 3A, Field B). To quantitate this effect, the
number of healthy versus apoptotic granule neurons was
counted per 40X field in AFADD-infected cultures that were
incubated in apoptotic medium for 24 h. The granule neuron
apoptosis results were then subdivided into three data sets
based on the number of AFADD-positive Purkinje cells (0, 1-2,
or 3—4) identified per field by AU1 staining. As shown in Fig.
3B, fields of granule neurons in infected cultures that did not
contain any AFADD-positive Purkinje cells exhibited 58 + 1%
apoptosis (n = 3 experiments, 10 fields/experiment), a value
similar to that observed in uninfected cerebellar cultures. How-
ever, fields that contained either 1-2 or 3—4 AFADD-express-
ing Purkinje cells demonstrated a significant decrease in gran-
ule neuron apoptosis to 22 * 6 or 20 * 6%, respectively (n = 3,
p < 0.01). These results indicate that the AFADD-mediated
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Fic. 3. Granule neurons in proximity to AFADD-expressing
Purkinje cells demonstrate increased survival. A, uninfected
granule neurons (fop panels) or granule neurons infected with Ad-AU1-
AFADD at a m.o.i. = 50 (bottom panels) were incubated in either control
(25K +8Ser) or apoptotic (5K-Ser) medium for 24 h and then stained with
DAPI and anti-AU1. Condensed and/or fragmented nuclei were abun-
dant in uninfected granule neurons incubated in 5K-Ser medium. Apo-
ptotic granule neurons were also plentiful in fields infected with
AFADD that did not contain any AFADD-expressing Purkinje cells
(Field A). In contrast, fields infected with AFADD that contained one or
more AFADD-positive Purkinje cells displayed a significant decrease in
the number of apoptotic granule neurons after trophic factor with-
drawal (Field B). Scale bar = 20 um. B, AFADD-infected cerebellar cell
cultures were incubated in apoptotic medium and stained for DAPI and
AU1, as described in A. After staining, the number of healthy versus
apoptotic granule neurons were counted in fields containing either 0,
1-2, or 3-4 AFADD-expressing Purkinje cells per field. Ten fields
containing an average of 30 granule neurons/field were counted per
condition. The results shown represent data obtained from three inde-
pendent experiments. *, statistically different from “0” AFADD-(+)
Purkinje cells per field (p < 0.01).



Fic. 4. Cerebellar granule neurons do not efficiently express
Ad-AU1-AFADD. A, cerebellar cell cultures were infected on day 5
with Ad-AU1-AFADD at a m.o.i. = 50. On day 7, cells were fixed and
stained with DAPI (left panel) and anti-AU1 (right panel). AU1 staining
revealed that less than 5% of granule neurons expressed AFADD (iden-
tified by the arrows). B, uninfected granule neurons (top panels) or
AU1-AFADD-infected granule neurons (bottom panels) were incubated
in apoptotic (5K-Ser) medium for 24 h, fixed, and stained with DAPI
(left panels) and AU1 (right panels). Trophic factor withdrawal induced
a similar apoptotic response in uninfected cells and infected cells in
close association with granule neurons expressing AU1-AFADD (indi-
cated by the arrow). Scale bar = 20 pm.

protection of cerebellar granule neurons from trophic factor
withdrawal-induced apoptosis depends on the proximity of
granule neurons to AFADD-expressing Purkinje cells.
Ad-AUI1-AFADD Is Not Efficiently Expressed in Granule
Neurons—Although Purkinje neurons demonstrated marked
expression of Ad-AU1-AFADD (Fig. 2B), most granule neurons
were devoid of AU1 staining (Fig. 4A). Quantitatively, when
more than 2000 granule neurons were visualized from cerebel-
lar cell cultures infected with Ad-AU1-AFADD (m.o.i. = 50),
less than 100 stained positively for the AU1 epitope tag at 48 h
post-infection (4.4 * 0.7%, data pooled from 3 independent
experiments). These results indicate that granule neurons do
not efficiently express AU1-AFADD after adenoviral infection.
Furthermore, fields of infected cultures that contained one or
more AU1-AFADD-positive granule neurons displayed a simi-
lar amount of apoptotic granule neuron death after trophic
factor withdrawal as was observed in uninfected cultures (Fig.
4B). This latter result further demonstrates that the ability of
AFADD to rescue granule neurons from apoptosis is not medi-
ated by proximity to the very few granule neurons actually
expressing AFADD. However, it is noteworthy that essentially
all of the granule neurons that were AU1-AFADD-positive were
protected from trophic factor withdrawal-induced death re-
gardless of their proximity to Purkinje neurons.
AFADD-mediated Cerebellar Granule Neuron Survival Is De-
pendent on IGF-I—The above data indicate that inhibition of
death receptor signaling in Purkinje cells (via infection with
Ad-AU1-AFADD) not only maintains the Purkinje neurons dur-
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Calbindin

Fic. 5. Cerebellar granule neurons and Purkinje neurons ex-
press IGF-I receptors on their cell surfaces. A, cerebellar granule
neurons were fixed and stained with a monoclonal antibody that rec-
ognizes the IGF-I receptor (IGF-IR). After incubation with a Cy3-con-
Jjugated secondary antibody, IGF-I receptors were identified by fluores-
cence microscopy. IGF-I receptors were expressed primarily at the cell
membrane (left panel). Incubation with the secondary antibody alone
(2° only) did not produce any positive staining (right panel). B, cerebel-
lar cell cultures were stained as described in A but, in addition, calbi-
ndin-positive Purkinje cells were identified using a polyclonal antibody
to calbindin D28K and a fluorescein isothiocyanate-conjugated second-
ary. Both granule neurons and calbindin-positive Purkinje neurons
showed immunoreactivity for IGF-I receptors. Note the overlapping
yellow staining indicative of IGF-I receptor and calbindin colocalization
in Purkinje cells (lower right panel). Scale bar = 20 pm.

ing trophic factor withdrawal but also results in the protection
of closely neighboring granule neurons that require Purkinje
cell-derived survival signals. One potent neurotrophin known
to rescue cerebellar granule neurons from apoptosis is the
growth factor IGF-I (20, 21, 24-26). In situ mRNA hybridiza-
tion studies show that the principal source of IGF-I in the
developing cerebellum is the Purkinje cell (40). To investigate a
potential role of IGF-I in granule neuron survival, we first
analyzed the expression of IGF-I receptors in the cerebellar cell
cultures. Inmunocytochemical staining with an antibody to the
IGF-I receptor demonstrated that cerebellar granule neurons
expressed IGF-I receptors primarily at the cell membrane (Fig.
5A, left panel). Incubation with the Cy3-conjugated secondary
antibody alone did not produce any positive staining (Fig. 5A,
right panel). When cerebellar cultures were co-immunostained
for both IGF-I receptors and calbindin, both granule neurons
and calbindin-positive Purkinje neurons showed immunoreac-
tivity for IGF-1 receptors on their cell surfaces (Fig. 5B, lower
right panel, see the yellow overlapping staining for co-localized
IGF-I receptors and calbindin in a representative Purkinje
neuron; the surrounding cells are granule neurons).

Next, the effect of an IGF-I receptor blocking antibody on the
AFADD-mediated protection of cerebellar granule neurons was
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Fic. 6. AFADD-mediated granule neuron survival is inhibited
by an IGF-I receptor blocking antibody. Cerebellar cell cultures
were either uninfected or infected with Ad-AU1-AFADD (m.o.i. = 50) on
day 5. On day 7, cells were incubated in either control (25K+Ser) or
apoptotic (5K-Ser) medium alone or containing either an anti-IGF-I
receptor blocking antibody (eIGF-IR, 1 or 10 ug/ml) or a non-immune
(N.L) control IgG (10 pg/ml) for 24 h. After incubation, cells were fixed,
and nuclei were stained with Hoechst dye. Cells containing condensed
and/or fragmented nuclei were scored as apoptotic. For each experi-
ment, at least 2 fields of ~500 granule neurons/field were counted per
condition. The results shown represent data obtained from seven inde-
pendent experiments. *, statistically different from AFADD alone
(p < 0.01).

assessed (Fig. 6). Ad-AU1-AFADD decreased apoptosis of gran-
ule neurons from 59 * 5% (n = 7)to 19 * 3% (n = 7, p < 0.01).
Incubation with a non-immune IgG control had no effect on the
ability of AFADD to decrease granule neuron apoptosis (19 *
3% apoptosis, n = 7), whereas inclusion of a neutralizing anti-
body that binds to the extracellular domain of the IGF-I recep-
tor significantly attenuated the protective effect of AFADD in a
dose-dependent manner (41 + 5% apoptosis at an antibody
concentration of 10 ug/ml, n = 7, p < 0.01 compared with
AFADD alone). Finally, radicimmunoassay of serum-free me-
dia obtained from cerebellar cell cultures revealed that the
concentration of IGF-I was below the limits of detection (=6
ng/ml), further confirming that the protection by IGF-I was
localized in nature. Collectively, these results suggest that
AFADD-mediated survival of cerebellar granule neurons re-
quires local secretion of Purkinje cell-derived IGF-1.

DISCUSSION

In the present study, we investigated a role for the extrinsic
death pathway in the apoptotic cell death of primary cerebellar
granule neurons subjected to trophic factor withdrawal. Adeno-
viral expression of dominant-negative FADD (AFADD) rescued
a significant percentage of granule neurons from trophic factor
withdrawal-induced death. Initially, this result suggested that
death receptor signaling may play a direct role in cerebellar
granule neuron apoptosis. However, immunocytochemical
analysis revealed that adenoviral AFADD was not efficiently
expressed in granule neurons but, instead, showed marked
expression in the small number of Purkinje neurons found in
these cerebellar cell cultures. Moreover, the ability of adenovi-
ral AFADD to rescue granule neurons from apoptosis was de-
pendent on their proximity to AFADD-expressing Purkinje
cells and required IGF-1. Two major conclusions can be drawn
from the above results. First, although the data do not support
a direct role for the extrinsic death pathway in cerebellar
granule neuron apoptosis, the results are the first to demon-
strate that death receptor signaling in Purkinje neurons indi-
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rectly influences the survival of granule neurons. Second, se--
lective suppression of the extrinsic death pathway in Purkinje
cells is sufficient to rescue neighboring granule neurons that
depend on Purkinje cell-derived trophic support including
IGF-1.

Previous studies have implicated the intrinsic death path-
way in the apoptosis of cerebellar granule neurons. For exam-
ple, trophic factor withdrawal-induced death of granule neu-
rons requires the pro-apoptotic Bel-2 family members Bax and
Bim (30-32). Bim is a BH3-only Bel-2 family member that acts
in a concerted manner with Bax to promote apoptosis (41).
Similar results have also been observed in vivo in inherited
animal models of cerebellar neuronal death. The lurcher mu-
tant mouse is characterized by a gain-of-function mutation in
the A2 glutamate receptor that results in the death of cerebel-
lar Purkinje cells (22). Subsequent to the loss of their target
Purkinje cells, granule neurons die secondarily via an apoptotic
mechanism (22). Targeted deletion of Bax has only a minor
effect on Purkinje neuron death but essentially abolishes the
secondary death of granule neurons in lurcher mutant mice
(42, 43). Thus, Bel-2 family members regulate cerebellar gran-
ule neuron apoptosis both in vitro and in vivo, strongly sug-
gesting that the intrinsic death pathway plays a principal role
in granule neuron apoptosis.

However, much less is known about the involvement of ex-
trinsic death signaling in cerebellar granule neurons. Previous
work illustrated that trophic factor withdrawal induces an
increase in the mRNA for FasL in primary cerebellar granule
neurons, and furthermore, granule neurons isolated from
FasL-deficient mice (gld mice) demonstrate a significant de-
crease in their susceptibility to trophic factor withdrawal-in-
duced death (33). Although these results suggest that the ex-
trinsic pathway may be involved in granule neuron apoptosis,
our data indicate that disruption of death receptor signaling in
cerebellar Purkinje neurons is sufficient to significantly de-
crease apoptosis in neighboring granule neurons. Thus, the
conclusions that were originally drawn from the gld mice may
actually reflect a loss of the extrinsic death machinery in
Purkinje cells that normally make up a small component of
cerebellar cell cultures. Vet, it should be noted that our data do
not absolutely exclude a direct role for the extrinsic death
pathway in granule neuron apoptosis. In fact we observed that
the small number of granule neurons that did express AFADD
were rescued from apoptosis regardless of their proximity to
Purkinje cells. However, recent data indicate that specific in-
hibitors of caspase 8 (an extrinsic initiator caspase) fail to
rescue granule neurons from trophic factor withdrawal-in-
duced death, whereas selective caspase 9 (an intrinsic initiator
caspase) inhibitors block apoptosis (44). Although the relative
selectivities of synthetic caspase inhibitors are not absolute,
these findings support an intrinsic-dependent but extrinsic-
independent mode of cell death in granule neurons.

The putative role of extrinsic and intrinsic death signaling in
the apoptosis of Purkinje neurons is much less well defined
than in granule neurons. As described above, Bax deletion did
not significantly affect Purkinje neuron survival in lurcher
mutant mice (42, 43). In contrast, normal mice in which Bax is
knocked out show a significant increase in Purkinje cell num-
ber in the cerebellum (45). A similar increase in the number of
cerebellar Purkinje cells is also observed in mice overexpress-
ing a human Becl-2 transgene, suggesting that the intrinsic
death pathway influences the developmental death of Purkinje
neurons (46). In addition, the spontaneous apoptotic death of
Purkinje cells observed in vitro in murine cerebellar organo-
typic cultures is reduced in tissue isolated from Bcl-2 trans-
genic mice (47). This latter result indicates that the intrinsic
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death pathway may also play a role in Purkinje neuron apo-
ptosis induced by stress associated with in vitro culture condi-
tions. However, a more detailed analysis of the mechanism
underlying Purkinje cell death is currently lacking. Our data
suggest that one important function of Purkinje neurons (i.e. to
provide trophic support to neighboring granule neurons) is
compromised after the withdrawal of trophic factors from cer-
ebellar cell cultures. Moreover, expression of AFADD, an inhib-
itor of extrinsic death signaling, maintains Purkinje cell func-
tion during trophic factor withdrawal. Thus, extrinsic death
signals in addition to intrinsic signals play a significant role in
Purkinje neuron loss-of-function and ultimately death.

Finally, the ability of AFADD-expressing Purkinje cells to
rescue neighboring granule neurons from apoptosis was inhib-
ited by an IGF-I receptor-blocking antibody, suggesting in-
volvement of IGF-I in the neuroprotection. Previous work has
shown that Purkinje cells are the principal source of IGF-I
production in the developing cerebellum in vivo (40), and IGF-1
is a potent neurotrophin for cerebellar granule neurons in vitro
(20, 21, 24-26). In vivo studies demonstrate that Purkinje-
derived trophic support, including IGF-I, is essential for the
proper development of cerebellar granule neurons (22, 48). For
example, in Purkinje cell degeneration (pcd) mice, in which
Purkinje cells die spontaneously before adulthood, cerebellar
IGF-I mRNA expression decreases significantly as the Purkinje
neurons degenerate (49). After the death of Purkinje cells in
ped mice, granule neurons undergo apoptosis resulting from
the loss of Purkinje cell-derived IGF-1. Our cerebellar cultures
were isolated from postnatal day 7 rats, and Purkinje neurons
from this stage of development exhibit maximal IGF-I secretion
in vivo (50). In addition, IGF-I secretion by Purkinje neurons is
highly correlated with the differentiated phenotypes of both
granule neurons and Purkinje cells, as is observed in our cul-
tures (50-52). Collectively, the above findings are consistent
with an important role for Purkinje cell-derived IGF-I in pro-
moting the survival of cerebellar granule neurons.

Precisely how AFADD expression influences Purkinje cell
IGF-I production or secretion is presently unclear. It may be
that AFADD simply blocks extrinsic death signaling in
Purkinje neurons and, therefore, sustains their normal func-
tion of secreting trophic factors like IGF-I. Alternatively, it is
possible that AFADD expression somehow enhances IGF-I syn-
thesis or secretion. Further experiments will be necessary to
identify the exact mechanism underlying the regulation of Pur-
kinje cell-derived IGF-I by death receptor signaling molecules.
In addition, the molecular mechanism that mediates the neu-
roprotective effects of IGF-I is unclear. Recently, we have
shown that exogenous IGF-I rescues cerebellar granule neu-
rons by inhibiting the intrinsic death pathway.? Moreover, in
transgenic mice overexpressing IGF-I, there was a marked
increase in the expression of Bcl-2 in cerebellar Purkinje neu-
rons (53). This finding indicates that Purkinje-derived IGF-I
may not only promote the survival of neighboring granule
neurons via a paracrine mechanism but may also support Pur-
kinje cells directly via an autocrine mechanism, perhaps by
suppressing intrinsic death signals at the mitochondria.

In conclusion, we have shown that adenoviral AFADD infec-
tion of cerebellar cell cultures results in the restricted expres-
sion of AFADD in Purkinje neurons. AFADD-expressing Pur-
kinje cells rescue neighboring granule neurons from trophic
factor withdrawal-induced apoptosis via secretion of IGF-1. The
dependence of cerebellar granule neuron survival on Purkinje
cell-derived trophic support mimics that found in vivo during

2D, A. Linseman, R. A. Phelps, R. J. Bouchard, T. A. Laessig, S. S. Le,
and K. A. Heidenreich, manuscript in preparation.
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cerebellar development. The results are the first to show that
the extrinsic death pathway in Purkinje neurons indirectly but
significantly influences the survival of cerebellar granule
neurons.
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Novel Mechanism for Gonadotropin-Releasing Hormone
Neuronal Migration Involving Gas6/Ark Signaling to p38
Mitogen-Activated Protein Kinase
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Gonadotropin-releasing hormone (GnRH) is the central regulator of the reproductive axis. Normal sexual
maturation depends on the migration of GnRH neurons from the olfactory placode to the hypothalamus during
development. Previously, we showed restricted expression of the membrane receptor adhesion-related kinase
(Ark) in immortalized cell lines derived from migratory but not postmigratory GnRH neurons. In addition, Ark
and GnRH transcripts were detected along the GnRH neuron migratory route in the E13 mouse cribriform
plate. In the present study, we examined the role of Ark and its ligand, Gas6 (encoded by growth arrest-specific
gene 6), in GnRH neuron migration. Gas6 stimulated lamellipodial extension, membrane ruffling, and che-
motaxis of immortalized NLT GnRH neuronal cells via the Ark receptor. Gas6/Ark signaling promoted
activation of the Rho family GTPase Rac, and adenoviral-mediated expression of dominant negative N17Rac
abolished Gas6/Ark-induced actin cytoskeletal reorganization and migration of GnRH neurenal cells. In
addition, p38 MAPK was activated downstream of Ark and Rac, and inhibition of p38 MAPK with either
SB203580 or adenoviral dominant negative p38c also blocked Gas6/Ark-mediated migration. Finally, down-
stream of Rac and p38 mitogen-activated protein kinase (MAPK), Gas6/Ark signaling promoted activation of
MAPK-activated protein kinase 2 and induced phosphorylation of HSP25, a known regulator of cortical actin
remodeling. The data are the first to demonstrate a migratory signaling pathway downstream of Ark/Axl family
receptors and suggest a previously unidentified role for p38 MAPK in neuronal migration. Furthermore, these
studies support a potential role for Ark in the regulation of GnRH neuronal migration.

The acquisition of reproductive competence relies on a hi- neuron pathway, resulting in loss of GnRH neuronal migra-
erarchy of events initiated by gonadotropin-releasing hormone tion. Although the path of the GnRH neurons from the olfac-
(GnRH). Neurons producing GnRH are unique, originating in tory placode to the forebrain during development has been
the olfactory placode and migrating into the central nervous  well characterized, the cellular signaling mechanisms that di-
system during development (59, 66). Traveling in association rectly govern GnRH neuron motility are unknown.
with vomeronasal nerve fibers, the GnRH neurons migrate Because primary GnRH neurons are extremely limited in
through the nasal septum, cross the cribriform plate (the nasal-  number (~800 neurons in the mouse, several thousand in the
bra{n border), and confinue along vomeronasal nerve fibers primate) (54, 66), studies of their development and differenti-
until they reach the preoptic area and hypothalamus (67,70).  ation have been difficult. We and others have utilized immor-

- After completmg the journey, GHRH neurons project axons talized GnRH neuronal cell lines as a model system to identify
Foward the median eminence, estabhs.hm.g contacts with pitu- factors potentially involved in GnRH neuronal physiology.
itary portal vessels. GnRH release is tightly regulated and  gimjan virus 40 T-antigen-targeted tumorigenesis was used to
occurs 1 a pulsatile manner to stimulate pituitary gonadotro-  ggtablish GnRH neuronal cell lines at two distinct develop-
pin production (60). , . mental phases, migratory and postmigratory (39, 49). GN10,

In humans, X-linked Kallmann’s syndrome, arising frommu- GN11, and NLT GnRH neuronal cells were isolated from an
tations in the ML-Z gene, results in aberrant olfactory and olfactory tumor of migration-arrested GnRH neurons (49),
GnRH neuron migration (11, 24, 32, 58). KAL-I encodesa cell  ypi1e GT.1 cells (and subclones GT1-1, GT1-3, and GT1-7)

. adhesion molecule, agosm}n-l, that is bepeved to be required were derived from a postmigratory hypothalamic tumor (39).
r for olfactory nerve migration (58, 62). Since the GnRH neu-

rons travel in association with olfactory nerves, the defect in
olfactory nerve migration is thought to disrupt the GnRH
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Center, 1055 Clermont St., Box 111H, Denver, CO 80220. Phone: (303)
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Characterization of these cell lines has provided evidence that
many GnRH neuronal attributes were retained during the im-
mortalization process. For example, GT-1 cells secrete GnRH
in a pulsatile fashion similarly to GnRH neurons in vivo (39,
65) and can restore reproductive function when implanted into
the brains of hypogonadal mice (61). Furthermore, the GT
cells resemble GnRH neurons found in vivo displaying
perikarya and neurites and express neuron-specific transcripts,
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FIG. 1. Gas6 stimulates migration of Ark-expressing GnRH neuronal cell lines. (A) GT1-7, NLT, GNI0, and GN11 cell lysates (20 pg) were
analyzed by immunoblotting with Ark318 IgG. (B to D) The migratory behavior of the cells was examined with a Boyden chamber system as
described in Materials and Methods. (B) Twenty-four-hour migration in the presence of 0.5% FBS in the lower chamber. Values arc as follows:
GT1-7,7 £ 2 (n = 4); NLT, 121 = 26 (n = 4); GNI0, 103 = 42 (1 = 6). (C) Twenty-four-hour migration in the presence of Gas6 (400 ng/ml)
in the lower chamber (n = 4 for GT1-7 and n = 6 for NLT and GN10). *, statistically significant by the ¢ test: P < 0.01 for NLT and P < 0.05
for GN10. (D) Effects of Gas6, rccombinant Axl ECD (800 ng/ml), Ark318 IgG (10 wg/ml). and PI IgG (10 pg/m!) on migration (24 h). =,
statistically significantly different from the control (Gas6 in the lower chamber only) by the Tukey-Kramer multiple comparisons test, P < 0.05 (n =
3). #x, statistically different from the control (PI IgG in the upper and lower chambers) by the 7 test. P < 0.05 (i1 = 3).

FIG. 2. Gas6 stimulates Ark-dependent formation of lamellipodia and membrane ruffles in NLT GnRH neuronal cells. (A) NLT cells were
incubated with Gas6 (400 ng/m!) for the indicated times. Following fixation, F-actin was visualized with rhodamine phalloidin. Arrows indicatc
lamellipodia and membranc ruffles. The data arc representative of three independent experiments (sec Materials and Mcthods for quantitation
of actin cytoskeletal remodeling). Bar = 20 um. (B) NLT cells were pretreated (4 h) with the Axt ECD (800 ng/ml), Ark318 IgG (10 pg/ml), or
PI IgG (10 ug/ml) followed by a 10-min stimulation with Gas6 (400 ng/ml). F-actin was visualized as in panel A. The partial effectivencss of the
Ark318 IgG at blocking the Gas6 effect is indicated by the arrow. The data arce representative of two independent experiments. Bar = 20 pm.
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including neuron-specific enolase and the 68-kDa neurofila-
ment protein (39). Although the GN/NLT cell lines have not
been as well characterized, they synthesize GnRH, albeit at a
much lower level than the GT clones, and express neuron-
specific proteins, including tau and microtubule-associated
peptide 2 (49, 72). Furthermore, recent studies have indicated
that the GN/NLT neuronal cells are intrinsically motile like
GnRH neurons found in the olfactory placode in vivo (36;
M. P. Allen et al., 30th Ann. Meet. Soc. Neurosci., abstr. 225.2,
2000). Thus, the immortalized cell lines provide excellent mod-
els that mimic both the migratory and postmigratory pheno-
types of in vivo GnRH neurons.

To elucidate factors that may regulate GnRH neuron mo-
tility, differential display was used to compare the gene expres-
sion profiles of postmigratory GT1-7 and migratory GN10 neu-
ronal cell lines (10). One candidate gene that was differentially
expressed in the GN10 GnRH cells encoded adhesion-related
kinase (Ark), a unique membrane receptor consisting of an
extracellular domain akin to cell adhesion molecules and a
cytoplasmic tyrosine kinase domain (10). Ark is the murine
homolog of the human protein Axl (also known as UFO and
Tyro7) (23, 28, 45, 52) and belongs to a novel receptor family
that includes Tyro3 (also known as etk2, Dtk, brt, Rse, Sky, and
tif) and Mer (also known as Tyrol2, eyk, and Nyk) (reviewed
in reference 8). Members of this family are expressed in the
central nervous system as well as other tissues (28, 47, 52).
Ark/Axl family receptors have been shown to promote cell
growth and survival (2, 5, 12, 15, 16, 33, 35), adhesion (4, 38),
and migration (13) via binding to a common ligand, Gas6
(encoded by growth arrest-specific gene 6) (42, 64). Gas6 is
also expressed in the brain, suggesting that Gas6/Ark signaling
may play a role in central nervous system physiology (48).

Previous studies from our laboratory demonstrated that
Gas6 promotes survival of Ark-expressing migratory GnRH
neuronal cells (2). More recent findings have shown that Ark
regulates GnRH gene expression (1). Moreover, Ark and
GnRH transcripts were detected along the GnRH neuron mi-
gratory route in mouse E13 cribriform plate RNA (1). Given
the differential expression of Ark in cell lines derived from
migratory but not postmigratory GnRH neurons and Ark ex-
pression in the cribriform plate during embryogenesis, we ex-
plored a role for Gas6/Ark signaling in GnRH neuron motility.
In migratory GnRH neuronal cells, Gas6 stimulates Ark-de-
pendent actin cytoskeletal reorganization and chemotaxis via
activation of the Rho family GTPase, Rac. Although Rac has
previously been implicated in neuronal migration, its down-
stream targets in neurons remain largely undefined (73). The
results illustrate that p38 mitogen-activated protein kinase
(MAPK), a protein previously implicated in neuronal apopto-
sis (68), is required downstream of Rac in Gas6/Ark-induced
GnRH neuronal-cell motility. The data are the first to describe
an Ark/Axl receptor-mediated migratory signaling pathway. In
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addition, the data support a novel function for p38 MAPK in
regulating neuronal migration.

MATERIALS AND METHODS

Reagents. Recombinant human Gas6 was generated as described previously
(64). Ark318 immunoglobulin G (IgG) and preimmune (PI) IgG were generously
provided by Claudio Basilico and Paola Bellosta (New York University) (5).
PD98059, SB203580, and protein A/G agarose were purchased from Calbiochem
(San Diego, Calif.). Rhodamine phalloidin was obtained from Molecular Probes
(Eugene, Oreg.). Rabbit polyclonal antibodies that recognize the Tyr/Thr-dually
phosphorylated (active) forms of p38 and ERK1/2 were purchased from New
England Biolabs (Beverly, Mass.) and Promega (Madison, Wis.), respectively.
Polyclonal heat shock protein 25 (HSP25) antibody was obtained from Stressgen
(Victoria, Canada). Monoclonal (M2) Flag antibody was from Sigma (St. Louis,
Mo.). Polyclonal antibodies to ERK2 and p38 were obtained from Santa Cruz
(Santa Cruz, Calif.). Rac activation and MAPK-activated protein (MAPKAP)
kinase 2 activation kits were purchased from Upstate Biotechnology (Lake
Placid, N.Y.). Purified collagen was purchased from Worthington (Freehold,
N.J.). Transwell migration chambers (6.5-mm diameter, 8-pm pore size) were
obtained from Costar (Corning, N.Y.). The bicinchoninic acid protein assay kit
was purchased from Pierce (Rockford, Ill.). The complete protease inhibitor
cocktail was from Boehringer Mannheim (Indianapolis, Ind.). Hybond polyvi-
nylidene difluoride (PVDF) blotting membranes, enhanced chemiluminescence
reagents, and horseradish peroxidase-conjugated secondary antibodies were pur-
chased from Amersham (Piscataway, N.J.). Dulbecco’s modified Eagle’s medium
(DMEM) and antibiotics were from Life Technologies (Rockville, Md.), and
fetal calf serum was from Gemini Bio-Products (Calabasas, Calif.). The DiffQuik
staining kit was from Dade Behring (Newark, Del.). Glass coverslips (12-mm
circles) were purchased from Fisher Scientific (Pittsburgh, Pa.).

Cell culture. GN10, GN11, NLT (49), and GT1-7 (39) GnRH neuronal cell
lines were grown in DMEM supplemented with 10% fetal calf serum, 100 U of
penicillin per ml, 100 g of streptomycin per ml, and 0.25 pg of amphotericin B
per ml at 37°C in humidified 5% CO,-95% air.

Boyden chamber migration assays. Neuronal cells were rinsed once in PBS
and incubated for 16 to 18 h in DMEM supplemented with 0.5% fetal calf serum,
100 U of penicillin per ml, 100 pg of streptomycin per ml, and 0.25 pg of
amphotericin B per ml at 37°C in humidified 5% CO,-95% air. The cells were
removed from cell culture plates by trypsin digestion, pelleted by centrifugation
at 2,000 X g for 5 min, and resuspended in migration medium (DMEM, 0.5%
fetal bovine serum [FBS], 0.5% bovine serum albumin, 4 mM MgCl,, 4 mM
CaCl,). A total of 30,000 cells were plated into the upper chamber of collagen
(0.1 mg/ml)-coated Transwells and allowed to migrate for 24 h at 37°C in
humidified 5% CO,-95% air. For determination of basal migration rates, migra-
tion medium was included in the lower Transwell chamber. For chemotaxis
experiments, vehicle or Gas6 (400 ng/ml) was added to the lower chamber
containing the migration medium. For blocking experiments, the Axl extracel-
fular domain (ECD) was added to the lower chamber at a final concentration of
800 ng/ml. For experiments using PD98059 (30 pM), SB203580 (30 nM), P1IgG
(10 pg/ml), and Ark318 IgG (10 pg/mi), the reagents were added to both the
upper and lower compartments of the Transwell. For adenoviral experiments,
NLT cells were infected for 24 to 48 h and then incubated for 16 to 18 h in
low-serum medium (0.5% ¥FBS) like uninfected cells prior to setting up the
migration assay. Following the 24-h migration, the cells were fixed and stained by
using a DiffQuik kit. The number of migrating cells for each condition was
determined by counting cells in four different fields on each membrane.

Immunoblotting. Neuronal cells were washed once in PBS at 4°C and lysed in
0.1 ml of cell lysis buffer containing 20 mM HEPES (pH 7.4), 1% Triton X-100,
50 mM NaCl, 1 mM EGTA, 20 mM sodium orthovanadate, and 50 mM sodium
fluoride and supplemented with complete protease inhibitors. Cell debris was
removed by centrifugation at 14,000 X g for 15 min at 4°C. The protein concen-
tration of the supernatant was determined with a bicinchoninic acid protein assay
kit. Protein (20 to 50 pg) was resolved by sodium dodecyl sulfate-polyacrylamide

are representative of three independent experiments. The increase in Rac-GTP was calculated by dividing the Rac-GTP density by the Rac,,,
density at each time point and setting the value at the zero time point to 1. (B) NLT cells were infected with Ad GFP or Ad GFP/N17Rac (see
Materials and Methods), stimulated for 10 min with Gas6 (400 ng/ml), and stained with rhodamine phalloidin. Actin is shown in red and GFP is
in green. The data are representative of two independent experiments. Bar = 20 uwm. (C) NLT cells infected with Ad GFP or GFP/N17Rac were
tested in the Boyden chamber migration assay with or without Gasé6. +, statistically different from the Ad GFP value by the ¢ test, P < 0.05 (n =

5).
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gel electrophoresis (SDS-PAGE) on 7.5 to 12% gels and transferred to PVDF.
The membranes were blocked in 5% nonfat milk-TBS-T buffer (137 mM NaCl,
0.1% Tween-20, 20 mM Tris-Cl; pH 7.6) for 1 h at room temperature (RT) or
overnight at 4°C. Membranes were incubated for 1 h in primary antibody and
washed three times in TBS-T for 15 min. The membrancs were incubated in
horseradish peroxidase-linked sccondary antibody for 30 to 60 min, washed three
times in TBS-T for 15 min, and incubated in enhanced chemiluminescence
immunodetection reagents according to the manufacturer’s instructions. Anti-
bodies to the following proteins were used at the indicated dilutions: phospho-
ERKI1/2, 1:5,000; ERK2, 1:1,000; phospho-p38, 1:1,000; p38, 1:2.000; Ark318,
1:1,000; HSP25, 1:2,000; and Flag, 1 pg/ml. The Rac activation assay and the
MAPKAP kinasc 2 activation assay were performed according to the manufac-
turer’s instructions. For adenoviral experiments, NLT cells were infected for
48 h, incubated in low-scrum medium (0.5% FBS) for 16 h, and then stimutated
with Gas6 (400 ng/m!) for diffcrent lengths of time. Following incubation, cell
lysates were resolved by SDS-PAGE and immunoblotted for the appropriate
proteins as described above. Densitometry analysis was performed with the
Bio-Rad Fluor-S multi-imager and Quantity One software.

Actin localization. NLT cells (15,000) were sceded onto sterile glass coverslips.
On the following day, the cells were washed once in PBS and incubated for 16 to
18 h in DMEM supplemented with 0.5% fetal calf serum, 100 U of penicillin per
ml, 100 pg of streptomycin per ml, and 0.25 g of amphotericin B per ml at 37°C
in humidificd 5% CQO,-95% air. For blocking experiments including the Ax{ ECD
(800 ng/ml), PI IgG (10 pg/ml), Ark318 IgG (10 pg/ml), PD98059 (30 wM). and
SB203580 (30 pM), the cells were pretreated for 4 h and then stimulated with
400 ng of Gas6 per ml for 10 min. Following Gas6 treatment, the cells were
rinsed once in PBS and fixed in 4% paraformaldchyde—PBS for 30 min at RT
followed by two additional PBS rinses. The cells were permeabilized in 5%
bovine serum albumin-0.2% Triton X-100-PBS for 30 min at RT. F-actin was
stained with 25 wl of rhodamine phalloidin per ml in the permeabilization
solution for 30 min at RT. The cells were rinsed three times with PBS. mounted
on slides, and viewed with a Zeiss Axioskop IT microscope. For adenoviral
experiments, the cells were infected for 24 to 48 h, trypsinized, and replated at
15,000 cells/coverslip as described above for uninfected cells. To quantitate the
percentage of cells that displayed membrane ruffles and/or lamelipodia. cells in
three fields were counted on cach coverslip. For statistical analysis, n is the
number of fields counted.

Adenoviruses. The wild-type p38a. dominant negative p38a (p38«DN), and
constitutively active MKK6 (MKKG6CA) plasmids were generously provided by
Roger Davis (University of Massachusetts Mcdical School). p38aDN contains
two mutations, Thr-180 to Ala and Tyr-182 to Phe (50). In the MKK6CA mutant.
Ser-207 and Thr-211 were replaced by Glu (51). Adenoviruses containing p38c.
p38aDN, and MKK6CA were generated by subcloning the various cDNAs into
the shuttle plasmid pACCMYV (14) followed by overlap recombination with the
adenoviral vector AdS5di327 ;¢ B-gal (57). Large-scale virus stocks were purified
by cesium chloride gradient centrifugation, and titers were determined by plaque
assays in 293 cclls.

To construct Racl adenoviruses, Racl was cloned from a mouse ¢cDNA li-
brary, and mutations (Rac!G12V and RaclT17N) were generated by PCR-based
site-dirccted mutagenesis. The adenoviral green fluorescent protein (GFP),
GFP/N17Rac, and GFP/VI2Rac were generated with the AdEasy system (19).
The Rac adenoviruses coexpress GFP and the respective mutant Rac protein.
For immunoblotting cxperiments, GFP-, GFP/N17Rac-, and GFP/VI2Rac-ex-
pressing adenoviruses were used at a multiplicity of infection (MOT) of 40 PFU
per cell, and the MKK6CA- and wild-type-p38a-bearing adenoviruses were used
at an MOT of 100 PFU/cell. For migration experiments, GFP and GFP/N17Rac
were used at 10 to 20 PFU/cell, and the p38aDN adenovirus was used at 50
PFU/cell. The empty adenovirus (Ad-CMV) was used at the same MOIT as others
in the respective experiment and served as a negative control. For actin local-
ization, GFP, GFP/N17Rac, and GFP/V12Ruc were used at 40 to 80 PFUj/cell.
and MKK6CA and p38« were used at 100 PFU/cell.

Mour. CELL. Biot.

*2P incorporation inte HSP25. NLT cells were incubated overnight in DMEM
containing 0.5% FBS. The cells were then incubated for 4 h in phosphate-free
DMEM-0.5% FBS and 2 mCi of *P;. Subscquently, the cells were washed twice
in phosphate-free mediom and stimulated with Gas6 (400 ng/ml) for 10 to 30
min. Cells were lysed (sec “Immunoblotting™ above), and the lysate was incu-
bated with anti-HSP2S antibody for 2 h at 4°C with constant mixing. Protcin A/G
agarose was added to the lysate, and incubation was continued for another 2 h.
The protein A/G agarose was washed three times in cold lysis buffer, and the
samples were boiled and loaded onto a SDS-12.5% PAGHE gel. The proteins
were transferred to PVDF, and the membrance was exposed to film for 4 h at RT
to detect phosphorylated HSP2S. Subsequently, the membrane was probed with
anti-HSP2S antibody to detect the total HSP2S protein present.

RESULTS

Gas6 promotes migration of Ark-expressing GnRH neuro-
nal cell lines. Previous differential display analysis demon-
strated Ark expression in migratory (GN10) but not postmi-
gratory (GT1-7) GnRH ncuronal cells (10). In addition to the
GNI10 cells, two other cell lines were established from simian
virus 40 T-antigen immortalized migratory GnRH ncurons, the
GNI11 and NLT lines (49). Immunoblot analysis with a poly-
clonal Ark antibody (Ark318) revealed the restricted expres-
sion of Ark in all three cell lines derived from migratory GnRH
ncurons (GN10, GNI11, and NLT) but not GT1-7 cells (Fig.
1A). However, Ark expression was substantially lower in the
GN11 subclone than in the GN10 and NLT cells. Therefore,
the GN11 cell line was not further investigated in this study.

Because the GN10 and NLT GnRH neuronal cells werc
isolated during migration, we suspected that they retained mo-
tile characteristics that had been lost by the postmigratory
GT1-7 cells. To test this hypothesis, a Boyden chamber system
was utilized to examine the migratory behavior of the cell lines.
A Boyden chamber consists of an upper porous membranc on
which the cells of interest arc seeded and a lower chamber
containing a chemoattractant. In a typical assay, cells migrate
through the pores and attach to the lower side of the mem-
brane, and subsequently the number of migrated cells is de-
termined. As predicted, the GN10 and NLT GnRH neuronal
cells were intrinsically migratory, unlike the GT1-7 cells (Fig.
1B).

To examine a role for Ark in GnRH ncuronal-cell motility,
Gasb6, the Ark ligand, was included as the chemoattractant in
the migration assay. As shown in Fig. 1C, Gas6 (400 ng/ml)
potentiated NLT and GNI10 migration 2.6-fold (n = 4, P <
0.01) and 2.7-fold (n = 6, P < (0.05), respectively, while having
no significant effect on Ark-negative GT1-7 cells (1.2-fold in-
crease; n = 4, P = 0.36). Inclusion of Gas6 in both the upper
and lower compartments effectively attenuated NLT migra-
tion, indicating that the effect was chemotactic rather than
chemokinetic (Fig. 1D). Morcover, the Axl ECD and the poly-
clonal anti-Ark318 IgG antagonized NLT migration, demon-

FIG. 4. The ERK pathway is not essential for development of the motile phenotype induced by Gas6/Ark signaling. (A) NLT cells were treated
for the indicated times with Gas6 (400 ng/ml} and immunoblotted for phospho-ERK1/2 and total ERK2. In the last lane, cells were pretreated for
4 h with PD98059 (PD) (30 pM) and then stimulated with Gas6 for 10 min. The data are representative of two independent experiments. The
increase in phospho-ERK1/2 was calculated by dividing the phospho-ERK1/2 density by the total ERK2 density at cach time point and then setting
the zero time point value to 1. (B) NLT cells were pretreated for 4 h with PD (30 uM), stimulated with Gas6 (10 min), and then stained with
rhodamine phalloidin. The data are representative of four independent experiments. Bar = 20 um. (C) NLT cells were subjected to the migration
assay in the presence of vehicle (DMSO) or PD (30 nM) as described in Materials and Methods. The data are the fold increase in migration in

the presence of Gas6 (400 ng/ml). =, P = 0.05 (n = 5, 1 test).
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strating that the effect was both ligand and receptor depen-
dent, respectively (Fig. 1D). Since similar results were obtained
with the GN10 neuronal cell line (data not shown), in the
remainder of the studies we utilized the NLT cell line as rep-
resentative of migratory GnRH neurons.

Gas6 stimulates actin cytoskeletal remodeling and migra-
tion of NLT GnRH neuronal cells via Ark and the small G
protein Rac. A morphological hallmark of cellular motility is
the development of membrane ruffles and lamellipodia that
are readily visualized by staining cellular filamentous actin (F-
actin). Examination of unstimulated NLT cells revealed an
intense actin stress fiber network (Fig. 2A). Gas6 treatment
(400 ng/ml) resulted in dramatic reorganization of the NLT
actin cytoskeleton to a motile phenotype that occurred within
10 min and persisted for at least 4 h (Fig. 2A). In this assay, 9%
+ 1.5% of control NLT cells displayed membrane ruffles
and/or lamellipodia. After 10 min of Gas6 treatment, 63% =+
3% of NLT cells displayed these cytoskeletal modifications
(n =9, P < 0.0001). Consistent with the results obtained for
NLT migration (Fig. 1D), Gas6-mediated cytoskeletal remod-
eling was significantly abolished by the Axl ECD and the anti-
Ark318 IgG, while PI IgG had no effect (Fig. 2B) (percentages
of cells displaying membrane ruffles and/or lamellipodia: Gas6,
65% * 5%; Gas6 plus PI IgG, 54% * 10%; Gas6 plus Ark318
1gG, 23% = 2%; Gas6 plus Axl ECD, 22% =+ 3%; n = 6; for
the last two values, P < 0.001 versus the Gas6 value). Thus,
Gas6-induced actin cytoskeletal remodeling and migration of
NLT GnRH neuronal cells are Ark dependent.

Actin cytoskeletal dynamics are regulated by the Rho family
of monomeric GTPases (17). Of the Rho family GTPases,
Rho, Rac, and Cdc42, Rac is the principal regulator of mem-
brane ruffling and lamellipodial formation (53). To examine
whether Gas6 stimulated Ark signaling to Rac, active (GTP-
bound) Rac was precipitated from Gas6-treated cells with the
Rac binding domain of the effector protein PAK (PAK-PBD).
Subsequently, precipitated Rac was detected by immunoblot
analysis. Since the PAK-PBD interacts exclusively with active
(GTP-bound) Rac, the Rac immunoblot represents the
amount of active Rac in each sample (6). Gas6 treatment of
NLT cells resulted in significant Rac activation that peaked
within 5 min (12.3-fold), remained elevated at 10 min, and
returned to near baseline by 30 min (Fig. 3A, top). Gas6
addition had no effect on the amount of total Rac (GDP plus
GTP bound) detected in NLT lysates (Fig. 3A, bottom).

Next, Rac participation in Gas6/Ark-mediated cytoskeletal
remodeling and migration was evaluated. NLT cells expressing
adenoviral GFP (Ad GFP) developed prominent lamellipodia
and membrane ruffles upon exposure to Gas6 in a manner
similar to that of uninfected NLT cells in the same culture (Fig.
3B, left panels) (71% * 5% of GFP-expressing cells underwent
actin cytoskeletal reorganization following Gas6 treatment). In
contrast, NLT cells expressing GFP and dominant negative
Rac (Ad GFP/N17Rac) did not form lamellipodia in the pres-
ence of agonist, whereas uninfected neighboring neuronal cells
responded to Gas6 with profound actin reorganization (Fig.
3B, right panels) (7% * 2% of GFP/N17Rac-expressing cells
responded to Gas6; n = 9, P < 0.0001). Similarly, NLT cells
expressing Ad GFP migrated in response to Gas6 (1.82-fold
increase), whereas cells expressing Ad GFP/N17Rac were un-
responsive to agonist treatment (1.05-fold increase relative to
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control) (Fig. 3C) (n = 4, P < 0.05). In addition, the basal
migration of GFP/N17Rac-expressing neuronal cells was only
29% =* 8% of that of GFP-expressing cells. Together, these
data demonstrate that Rac activity is obligatory for both basal
and Gas6/Ark-mediated cytoskeletal reorganization and che-
motaxis of NLT GnRH neuronal cells.

The ERK pathway is not essential for Gas6/Ark-induced
migration of GnRH neuronal cells. Previous studies from our
laboratory implicated the ERK pathway in Gas6/Ark mediated
GnRH neuronal survival and regulation of GnRH gene ex-
pression (2; M. P. Allen et al., 82nd Ann. Meet. Endocr. Soc.
abstr. 519, 2000). Furthermore, ERK is required for migration
of other cell types (69). Therefore, we investigated whether the
ERK pathway played a role in Gas6/Ark-mediated GnRH neu-
ronal migration. In NLT GnRH neuronal cells, Gas6 stimu-
lated a rapid and transient activation of the ERK pathway that
peaked at 5 min (4.1-fold) and returned to baseline by 30 min
(Fig. 4A). Furthermore, Gas6-stimulated ERK activation was
effectively abolished by the MEK1/2 inhibitor PD98059 (Fig.
4A). To determine if the ERK pathway was required for Gas6/
Ark-induced ruffling and lamellipodial formation, NLT cells
were incubated with PD98059 (30 wM, 4 h), stimulated with
agonist for 10 min, and stained with rhodamine phalloidin (Fig.
4B). Although PD98059 clearly blocked ERK activation (Fig.
4A), it had no discernible effect on Gas6-mediated actin re-
modeling of NLT cells (Fig. 4B) (Gas6 plus dimethyl sulfoxide
[DMSO], 71% = 5% ruffling and/or lamellipodia, versus Gas6
plus PD98059, 61% = 3%; n = 9, P = 0.13). Likewise, the
MEK1/2 inhibitor only partially attenuated Gas6-stimulated
NLT migration (vehicle, 2.7-fold increase; PD98059, 2.0-fold
increase; n = 5, P = 0.05) (Fig. 4C) (similar results were
obtained with the structurally distinct MEK inhibitor, UO126;
data not shown). Thus, although the ERK pathway acts down-
stream of Gas6 and Ark to influence GnRH neuronal survival
and gene expression, it is not essential in the migratory signal-
ing pathway.

Gas6/Ark signaling induces migration of GnRH neuronal
cells via a Rac — p38 MAPK — MAPKAP kinase 2 — HSP25
pathway. Recent studies have suggested a role for p38 MAPK
in smooth muscle cell motility (20). Therefore, Gas6/Ark-in-
duced p38 activation in NLT neuronal cells was examined by
immunoblotting with a phospho-specific p38 antiserum (Fig.
5A). Agonist treatment resulted in marked p38 activation
within 5 min (3.0-fold) that remained elevated for at least 1 h.
In smooth muscle cells, growth factor-induced migration in-
volves activation of a p38 MAPK — MAPKAP kinase 2 — heat
shock protein 27 (HSP27) pathway, where HSP27 functions
as an actin-capping protein and is thought to modulate ac-
tin polymerization and cell shape (29). Gas6/Ark-induced
MAPKAP kinase 2 activity was evaluated in NLT cells by using
an immunoprecipitation-kinase assay (Fig. 5B). MAPKAP ki-
nase 2 was immunoprecipitated from Gasb6-treated cells and
incubated with recombinant human HSP27 in a kinase assay,
and phosphorylated HSP27 was detected by using a phospho-
specific HSP27 antiserum. As shown in Fig. 5B, Gas6 treat-
ment resulted in a 12.9-fold increase in MAPKAP kinase 2
activity within 5 min that remained elevated for at least 1 h. To
examine if endogenous NLT HSP25 (the murine isoform of
HSP27) was activated (phosphorylated) following agonist
treatment, an HSP25 immunoblot was performed (Fig. 5C).
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FIG. 5. Gas6/Ark signaling activates a p38 MAPK — MAPKAP kinase 2 — HSP25 signaling cascade in NLT GnRH neuronal cells. (A) NLT
cells were treated for the indicated times with Gas6 (400 ng/ml) and immunoblotted for phospho-p38 and total p38. The data are representative
of three independent experiments. The increase in phospho-p38 was calculated by dividing the phospho-p38 density by the total p38 density at each
time point and setting the zero time point value to 1. (B) MAPKAP kinase 2 was immunoprecipitated from Gas6-treated neuronal cells and
exposed to recombinant human HSP27 in a kinase assay, and phosphorylated HSP27 was detected by phospho-HSP27 immunoblotting. The data
are representative of two independent experiments. The increase in phospho-HSP27 was calculated by setting the zero time point value at 1. (C)
NLT cells were treated for the indicated times with Gas6 (400 ng/ml) and immunoblotted for HSP25. The arrow indicates a slower-migrating form
of HSP25 consistent with phosphorylation. The data are representative of two independent experiments. (D) NLT cells were labeled with 32P; and
stimulated with Gas6. HSP25 was immunoprecipitated from the cell lysates, transferred to PVDF, and analyzed by autoradiography (top) or HSP25
immunoblotting (bottom). The increase in *?P-labeled HSP25 was calculated by dividing the **P-labeled-HSP25 density by the total HSP25 density
at each time point and setting the zero time point value to 1. The data are representative of two experiments.

Exposure to Gas6 resulted in the increased formation of a
slower-migrating form of HSP25 within 30 min that was sus-
tained to 60 min, suggesting that Gas6 had indeed stimulated
phosphorylation of HSP25. To confirm the phosphorylation of
HSP25, NLT cells were pretreated with 2P, to radiolabel the
cellular ATP, and HSP25 was immunoprecipitated from lysates
that had been treated with Gas6 for 10 to 30 min. Gas6 treat-
ment resulted in a 2.7-fold increase in the incorporation of **P;
into HSP25 within 10 min (Fig. 5D, top) while having no effect
on the total amount of HSP25 present in the cells (Fig. 5D,
bottom). Thus, Gas6/Ark signaling promotes the sequential
activation of p38 MAPK, MAPKAP kinase 2, and HSP25 in
NLT GnRH neuronal cells.

Rac and Cdc42 GTPases have been shown to function up-
stream of p38 MAPK (71). To resolve whether Gas6/Ark-
stimulated p38 MAPK activation was downstream of Rac,
NLT cells were infected with Ad GFP or with Ad GFP/N17Rac

prior to Gas6 addition (Fig. 6A). Gas6 treatment of GFP-
expressing NLT neuronal cells resutted in p38 activation (2.2-
fold), while cells expressing GFP/N17Rac were unresponsive
to the agonist (0.7-fold), demonstrating that p38 is downstream
of Rac in this receptor system (Fig. 6A). In addition, expres-
sion of adenoviral constitutively active Rac (Ad GFP/V12Rac)
in NLT cells resulted in ligand-independent p38 activation
(2.7-fold) (Fig. 6B) and induced dramatic membrane ruffling
(Fig. 6C, left panels). Furthermore, V12Rac-stimulated ruf-
fling (GFP/V12Rac without SB203580, 82% *+ 5%) was mark-
edly inhibited upon exposure to the selective p38 inhibitor,
SB203580 (34% = 7%), demonstrating that p38 activation was
required for VI12Rac-induced cytoskeletal remodeling (Fig.
6C, right panels) (n = 12, P < 0.0001). Finally, NLT cells
coinfected with adenoviral MKK6CA and Flag-tagged wild-
type p38a were examined by immunoblot analysis (Fig. 7B)
and in the actin assay (Fig. 6D). Expression of adenoviral
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FIG. 6. p38 activation promotes actin rcorganization downstream of Rac in NLT GnRH ncuronal cells. (A) NLT cells expressing Ad GFP or
GFP/N17Rac were treated for 10 min with Gas6 (400 ng/ml) and then immunoblotted for phospho-p38. The data are representative of two
independent experiments. The increase in phospho-p38 was calculated by setting the density of the no-Gas6 samples to 1. (B) uninfected NLT cells
or those expressing Ad GFP or GFP/V12Rac were treated for 10 min with Gas6 (400 ng/ml} or vehicle and then immunoblotted for phospho-p38.
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MKK6CA and Flag-p38a in NLT neuronal cells resulted in
robust p38 activation (Fig. 7B, phospho-p38 blot). Consistent
with p38 activation promoting cytoskeletal reorganization,
NLT cells positive for the Flag epitope (p38a) exhibited li-
gand-independent lamellipodial advance (Fig. 6D, right pan-
els), whereas uninfected cells did not extend lamellipodia (Fig.
6D, left panels) (9% = 2% for uninfected cells versus 76% =+
4% for MKK6CA/p38a-infected cells; n = 18, P < 0.0001).
Collectively, these data demonstrate that p38 lies downstream
of Rac and is the major Rac target engaged in NLT GnRH
neuronal cells to elicit actin cytoskeletal remodeling.

Next we investigated the role of p38 in Gas6/Ark-stimulated
lamellipodial extension and migration. Pretreatment of NLT
cells with the p38 inhibitor SB203580 (30 uM, 4 h), resulted in
a striking inhibition of Gas6/Ark-mediated cytoskeletal remod-
eling (Fig. 7A) (71% * 5% membrane ruffles and/or lamelli-
podia for Gas6 plus DMSO versus 20% *+ 3% for Gas6 plus
SB303580; » = 9, P < 0.0001). SB203580 also markedly
blocked Gas6-induced NLT migration, decreasing the Gas6
effect from 2.6-fold to 0.96-fold (Fig. 7B) (n = 3, P < 0.05).

To further verify that p38 MAPK was required for NLT
migration via Gas6/Ark signaling, NLT cells infected with ad-
enoviral Flag-tagged p38aDN were tested in the migration
assay. As shown in Fig. 7B, the Flag-p38aDN was efficiently
expressed in the NLT cells (Flag immunoblot). However, in
the presence of adenovirally expressed MKK6CA, p38 activa-
tion was blocked in p38aDN-expressing neuronal cells, while
those expressing wild-type p38a exhibited significant increases
in active p38 (phospho-p38 blot). These data confirmed that
p38aDN functioned in a dominant negative fashion. In addi-
tion, cells infected with empty adenovirus (Ad-CMV) responded
to Gas6 similarly to uninfected cells (2.0- versus 2.3-fold in-
crease relative to control). NLT cells infected with Ad-
p38aDN, however, were unresponsive to Gas6 (1.14-fold stim-
ulation) (n = 4, P < 0.01 for uninfected cells and P < 0.05 for
cells infected with Ad-CMYV). Together, the data illustrate that
Gas6/Ark-mediated GnRH neuronal migration requires p38
MAPK.

DISCUSSION

The intrinsic signaling mechanisms that regulate GnRH
neuron migration are unknown. In the present study, we used
immortalized GnRH neuronal cell lines that retain properties
found in vivo in either migratory or postmigratory GnRH neu-
rons to investigate the mechanism underlying GnRH neuron
migration. Because Ark is expressed in immortalized migratory
GnRH neuronal cell lines (10) and along the GnRH neuron
pathway during development (1), we examined a role for Ark
in GnRH neuronal motility. Our results identified the Gas6/
Ark interaction as a novel signaling complex that promotes
NLT GnRH neuronal-cell migration. Characterization of the
signaling pathway downstream of Gas6/Ark revealed that the
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small GTPase, Rac, signals to p38 MAPK to induce NLT
GnRH neuronal motility. These data are the first to describe a
receptor-initiated signal transduction cascade that directly reg-
ulates the migration of GnRH neuronal cells.

The Ark receptor ECD contains fibronectin type III repeats
and immunoglobulin domains related to cell adhesion mole-
cules. Not surprisingly, Ark has recently been implicated in cell
adhesion and aggregation (4, 38). Moreover, Fridell et al. (13)
recently provided evidence for Axl (the human homolog of
Ark)-mediated chemotaxis of vascular smooth muscle cells.
However, the signaling pathways downstream of Axl were not
identified. While examining a role for Ark in GnRH neuron
migration, we found that Gasb, the Ark ligand, potentiated the
migration of Ark-expressing GN10 and NLT GnRH neuronal
cell lines while having no discernible effect on GT1-7 cells. In
addition, Gas6-induced motility was chemotactic and was
blocked by an antibody to the Ark ECD and by sequestration
of Gas6 with recombinant Axlt ECD. Thus, Gas6 occupancy of
the Ark receptor stimulates GnRH neuronal-cell migration.

To examine signaling pathways involved in motility down-
stream of Gas6/Ark, we first looked at changes in the actin
cytoskeleton. In NLT cells, Gas6/Ark signaling stimulated dra-
matic lamellipodial extension and membrane ruffling. Mem-
bers of the Rho family of small GTPases, Rho, Rac, and
Cdc42, regulate morphological changes of the actin cytoskele-
ton and, as a result, elicit profound effects on cellular adhesion
and motility (17). Rac is known to promote formation of la-
mellipodia and membrane ruffles (53). Thus, the actin remod-
eling observed upon Gas6 treatment suggested that Rac was
activated downstream of the receptor-ligand interaction in
GnRH neuronal cells. Indeed, direct measurement of active
(GTP-bound) Rac revealed that Gas6 induced robust Rac ac-
tivation in NLT cells. Moreover, dominant negative N17Rac
significantly abolished both Gas6-induced actin cytoskeletal
remodeling and migration of NLT cells. Together, these results
demonstrated that the Ark receptor couples to the Rho family
GTPase Rac to orchestrate actin cytoskeletal changes and che-
motaxis of GnRH neuronal cells. These findings are consistent
with a recently recognized role for Rac GTPase in the regula-
tion of neuronal migration (73). Although several neuron-
specific guanine nucleotide exchange factors, including Tiam-1
(9, 31), ASEF (25), and Trio (3, 34, 43), upstream of Rac have
been described, downstream targets of Rac in neurons are
largely unknown.

Both ERK and p38 MAPK pathways have previously been
described to play a role in nonneuronal-cell migration (20, 69),
and both pathways have been shown to be activated via Rac
GTPase (7, 71). Therefore, we focused on the potential role of
these two MAPK signaling pathways downstream of Rac in
Gas6/Ark-stimulated GnRH neuronal-cell motility. Although
the MEKI1/2 inhibitor PD98059 clearly blocked Gas6/Ark-
stimulated ERK activation, it had only modest effects on cy-
toskeletal changes and motility. The effect of PD98059 on

The data are representative of two independent experiments. (C) NLT cells were infected with adenoviruses expressing GFP/V12Rac (see
Materials and Methods), treated for 4 h with vehicle (DMSO) or SB203580 (30 M) and then stained with rhodamine phalloidin. The data are
representative of two independent experiments. Actin is shown in red and GFP is in green. Bar = 20 pm. (D) NLT cells infected with adenoviral
MKK6CA and Flag-p38a were visualized with rhodamine phalloidin and anti-Flag immunocytochemistry (Ieft panels, uninfected cells; right panels,

cells infected with MKK6CA and Flag-p38a). Bar = 20 pm.
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FIG. 7. Gas6/Ark-mcdiated GnRH neuronal cytoskeletal remodeling and migration requires p38 MAPK. (A) NLT cells were pretreated for 4 h
with SB203580 (SB) (30 uM), stimulated with Gas6 (10 min), and then stained with rhodamine phalloidin. Bar = 20 pm. The data are
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vehicle (n = 3, ¢ test); P < 0.01 for p38aDN versus —Ad and P < 0.05 for p38aDN versus Ad-CMV (n = 4, Tukey-Kramer multiple comparisons
test). (Right) Anti-Flag immunoblotting demonstrated that adenoviral Flag-p38aDN was efficiently expressed in the NLT ncurons. The phospho-
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Gas6-induced migration reached statistical significance (P =
0.05), however, suggesting that the ERK pathway may regulate
a Rac-independent pathway involved in migration. For in-
stance, recent studies have shown that Rho activity is regulated
by the ERK-MAPK pathway (56). Since Rho is required for
focal adhesion turnover at both the leading and trailing edges
of the cell, disruption of Rho signaling results in decreased
motility. Thus, in NLT cells, the ERK pathway blockade may
inhibit motility via partial disruption of Rho signaling. Alter-
natively, PD98059 may affect NLT survival, consistent with our
previous studies showing that Ark promotes GnRH neuronal
survival via an ERK-dependent mechanism (2).

In contrast, pharmacological p38 MAPK inhibition dramat-
ically attenuated Gas6/Ark-induced cytoskeletal reorganiza-
tion and migration. Similarly, p38aDN completely blocked
Gas6-induced GnRH neuronal chemotaxis. In addition, p38
MAPK was demonstrated to function as a downstream Rac
target, since Gas6 activation of p38 was abolished in dominant
negative-N17Rac-expressing cells. Moreover, constitutively ac-
tive V12Rac stimulated p38 activation and induced dramatic
membrane ruffling of NLT cells. The latter effect was signifi-
cantly inhibited by blockade of p38 activation with SB203580,
suggesting that p38 is the major Rac target engaged in GnRH
neuronal cells to elicit cytoskeletal reorganization. Finally,
overexpression of constitutively active p38 was sufficient to
induce lamellipodial advance and membrane ruffling in NLT
cells. Thus, p38 MAPK acts downstream of Rac GTPase to
promote GnRH neuronal-cell motility.

The above findings were somewhat unexpected, since p38
activation in neurons was initially associated with increased
apoptosis (27, 40, 68). Recently, p38 has also been shown to
modulate PC12 pheochromocytoma cell neurite outgrowth
during differentiation (18, 22, 41, 63). Coupled with our obser-
vation that p38 lies downstream of Rac in Gas6/Ark-stimulated
GnRH neuron motility, these results are consistent with a
much broader role for p38 MAPK in neurons, perhaps in the
regulation of migration and neurite outgrowth during devel-
opment and differentiation.

p38 MAPK has been shown to modulate nonneuronal-cell
motility (20, 21, 26, 37, 44, 55). Recent studies suggest that p38
MAPK activates a MAPKAP kinase 2/HSP27 (HSP25 in
mouse) signaling cascade that is important in smooth muscle
cell actin cytoskeletal remodeling and motility (20, 30, 46, 55).
HSP27 is an actin-capping protein whose activity is regu-
lated via serine phosphorylation by upstream kinases such as
MAPKAP kinase 2. Although the mechanism is not completely
understood, HSP27 regulation of actin polymerization is in-
volved in cortical actin cytoskeletal rearrangements such as
membrane ruffling (29). Similar to growth factor stimulation
of smooth muscle cells (20), we found that NLT GnRH neu-
ronal cells treated with Gas6 exhibited increased MAPKAP
kinase 2 activity and HSP25 phosphorylation. These data are
consistent with a mechanism by which Gas6/Ark signaling stim-
ulates GnRH neuronal migration via a Rac — p38 MAPK —
MAPKAP kinase 2 — HSP25 pathway. The role of additional
signaling pathways downstream of p38 that may also influence
motility remains to be clarified.

In summary, we have utilized GnRH neuronal cell lines as a
model system to identify and characterize factors potentially
involved in GnRH neuron migration. Our studies point to
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several new candidate proteins, including Gas6, Ark, and p38
MAPK, as potential regulators of GnRH neuron migration in
vivo. These factors will be targeted in future in vivo studies to
determine if they are required for the proper migration of
GnRH neurons during development.
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Cerebellar granule neurons depend on insulin-like growth factor-I (IGF-I) for their survival.
However, the mechanism underlying the neuroprotective effects of IGE-I is presently unclear.
Here, we show that IGF-I protects granule neurons by suppressing key elements of the intrinsic
(mitochondrial) d¢ath pathway. IGF-I blocked activation of the executioner caspase-3 and the
intrinsic initiator caspase-9 in primary cerebellar granule neurons deprived of serum and
depolarizing potassium. IGF-I inhibited cytochrome C release from mitochondria and prevented
its redistribution to neuronal processes. The effects of IGF-I on cytochrome C release were not
mediated by blockade Qf the mitochondrial permeability transition pore since IGF-I failed to
nhibit mitochondrial swelling or depolarization. In contrast, IGF-I blocked induction of the
BH3-only Bcl-2 family member, Bim, a mediator of Bax-dependent cytochrome C release. The
suppression of Bim expression by IGF-I did not involve inhibition of the c-Jun transcription
factor. Instead, IGF-I prevented activation of the forkhead family member, FKHRL1, another
transcriptional regulator of Bim. Finally, adenoviral-mediated expression of dominant-negative
AKT activated FKHRL1 and induced expression of Bim. These data suggest that [GF-]
signé]ing via AKT promotes survival of cerebellar granule neurons by blocking the FKHRIL1-

dependent transcription of Bim, a principal effector of the intrinsic death signaling cascade.
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INTRODUCTION
Insulin-like growth factor-I (IGF-I) has significant neurotrophic and neuroprotective effects.
IGF-T expression is differentially regulated in various brain regions and is temporally associated
with critical stages of central nervous system development (Rotwein et al., 1988; Bach et al.
1991). Deficits in IGF-I are observed in Alzheimer’s disease (Mustafa ét al., 1999) and
degenerative cerebellar ataxias (Torres-Aleman et al.,, 1996), and recombinant IGF-I slows
disease progression in sporadic amyotrophic lateral sclerosis (Lai et al., 1997). IGF-I decreases
neuronal apoptosis and enhances functional recovery in animal models of neurodegeneration
including toxin exposure (Fernandez et al., 1998), transient ischemia (Liu et al., 2001), and
neurotransplantation (Clarkson et al., 2001). Similarly, IGF-I rescues primary neurons from
apopto:si.s induced by trophic factor Withdrawal (Russell et al., 1998), excitotoxicity (Tagami et
al., 1997), and oxidative stress (Heck et al., 1999). Thus, IGF-I is essential for the survival of
central nervous system neurons in vivo and in vitro.

Cerebellar granule neurons (CGNs) are critically dependent on IGF-I for their survival
(Lin and Bulleit, 1997). In hereditary models of cerebellar Purkinje cell degeneration (pcd,
lqrcher), the primary death of Purkinje neurons induces the subsequent apoptosis of CGNs due to
loss of Purkinje-derived IGF-I (Bartlett et al., 1991; Zhang et al., 1997; Selimi et al., 2000a).
Trans gehic mice overexpressing IGF-I exhibit a remarkable doubling of CGN number (Ye et al.,
1996), and 'ShQW decreased expression of caspase-3 in cerebellum (Chrysis et al., 2001). These
_observations illustrate that IGF-I protects CGNs from apoptosis in vivo.

Similarly, IGF-I rescues primary CGNs from apoptosis induced by removal of
depolarizing potassium and serum (trophic factor withdrawal), an established in vitro model of

neuronal apoptosis (D’Mello et al., 1993; Galli et al., 1995; Miller et al., 1997a). CGN apoptosis
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nvolves activation of the intrinsic (mitochondrial) death pathway (Green, 1998). For example.
trophic factor-deprived CGNs demonstrate Bax-dependent cytochrome C release from
mitochondria (Desagher et al., 1999), and CGNs isolated from Bax knock-out mice are less
sensitive to trophic factor withdrawal (Miller et al., 1997b). Moreover. the BH3-only, pro-
apoptotic Bel-2 family member, Bim (Bcl-2 interacting mediator of cell death), is induced in
CGNs undergoing apoptosis (Harris and Johnson. 2001; Putcha et al., 2001). BH3-only proteins
facilitate intrinsic death signaling in a Bax-dependent manner (Desagher et al., 1999 Zong et al..
2001). Although it is recognized that IGF-I rescues CGNs via phosphatidylinositol 3-kinase
(PI3K) and AKT (Dudek et al., 1997; Miller et al, 1997a), the effects of IGF-T on components of
the intrinsic death pathway have not been examined.

Here, we found that IGF-I suppresses induction of Bim, cytochrome C release from
mitochondria, and activation of the intrinsic initiator caspase-9 and the executioner caspase-3 in
trophic factor-deprived CGNs.  Although JNK/c-Jun signaling has been implicated in the
induction of Bim during neuronal apoptosis (Harris and Johnson, 2001; Whitfield et al., 2001),
our data suggest that IGF-I suppresses Bim expression via a distinct mechanism involving
nhibition of the forkhead transcription factor FKHRL1. These results indicate that the intrinsic

death pathway is a principal target of IGF-] in neurons.



MATERIALS AND METHODS

Materials. Recombinant human IGF-T was provided by Margarita Quiroga (Chiron Corporation.
Emeryville, CA). Polyclonal antibodies to Bim, Bcl-X;, caspase-3, caspase-9, cytochrome C.
and c-Jun were from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal antibodies to
phospho-c-Jun (Ser63), phospho-AKT (Serd73), and AKT ‘were from Cell  Signaling
Technologies (B‘everly, MA). Polyclonal antibodies to phospho-FKHRLI (Ser253) and
FKHRL1 were from Upstate Biotechnology (Lake Placid, NY). Cy3-conjugated secondary
antibodies for immunocytochemistry were purchased from Jackson Immunoresearch
Laboratories (West Grove, PA). Horseradish peroxidase-linked secondary antibodies and
~reagents for enhanced chemiluminescence detection were obtained from Amersham Pharmacia
Biotechnologies (Piscataway, NJ). JCI1, TMRE, and Mitotracker Green were from Molecular
Probes (Eugene, OR). Wortmannin, Hoechst dye no. 33258 and DAPI (4.6-diamidino-2-
phenﬁindole) were from Sigma (St. Louis, MO). Adenoviral CrmA was obtained from Dr.
James DeGregori (UCHSC, Denver, CO). Adenoviral CMV (negative control adenovirus) was
from Dr. Jerry Schaack (UCHSC, Denver, CO). Adenoviral, kinase-dead, K179M mutant
(dominant-negative) AKT was obtained from Dr. Prem Sharma and Dr. Jerry Olefsky
(University of California, San Diego, CA).

Cell culture. Rat CGNs were isolated from 7-day-old Sprague—Daw]ey rat pups (15-19g)
as described previously (Li et al., 2000). Briefly, neurons were plated on 35-mm diameter
plastic“dishes coated with poly-L-lysine at a density of 2.0x10° cells/ml in basal modified
Eagle’s medium containing 10% fetal bovine serum, 25 mM KCI, 2 mM L-glutamine, and

penicillin (100 units/ml)/streptomycin (100 pg/ml) (Life Technologies, Grand Island, NY).

Cytosine arabinoside (10 uM) was added to the culture medium 24 hr after plating to limit the




growth of non-neuronal cells. Using this protocol. the cultures were approximately 93-99% pure
for granule neurons. In general, experiments were performed after 7 days in culture.

Quantification of apoptosis. Apoptosis was induced by removing serum and decreasing
the extracellular potassium concentration from 25 mM to 5 mM. A frer 24 hr, CGNs were fixed
Wiﬂl 4% paraformaldehyde and nuclei were stained with either Hoechst dye or DAPI. Cells were
considered apoptotic if their nuclei were either condensed or fragmented.  In general,
approximately 500 cells from at least two fields of a 35-mm well were counted. Data are
presented as the percentage of cells in a given treatment group which were scored as apoptotic.
Experiments were performed at least in triplicate.

Preparation of CGN cell extracts. Following incubation for the indicated times and with
the reagents specified in the text, the culture medium was aspirated, cells were washed once with
2 ml of ice-cold phosphate-buffered saline (PBS, pH 7.4), placed on ice and scraped into lysis
buffer (200 pl/35-mm well) containing 20 mM HEPES (pH 7.4), 1% Triton X-100, 50 mM
NaCl, 1 mM EGTA, 5 mM B-glycerophosphate, 30 mM sodium pyrophosphate, 100 uM sodium
orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 10 pg/ml leupeptin, and 10 pg/ml
aprotinin.  Cell debris was removed by centrifugation at 6,000 x g for 3 min and the protein
concentration of the supernatant was determined using a commercially available protein assay kit
(Pierce Chemical Co., Rockford, IL). Aliquots (~150 1g) of supernatant protein were diluted (o
a final concentration of 1X sodium dodecyl] sulfate-polyacrylamide ge]» electrophoresis (SDS-
PAGE) sample buffer, boiled for 5 min, and electrophoresed through 10-15% polyacrylamide
gels. Proteins were transferred to polyvinylidene membranes (Millipore Corp., Bedford, MA)

and processed for immunoblot analysis.



[mmunoblo_f analysis.  Nonspecific binding sites were blocked in PBS (pH 7.4)
containing 0.1% Tween 20 (PBS-T) and 1% BSA for 1 hr at room temperature. Primary
antibodies were diluted in blocking solution and incubated with the membranes for | hr. Fxcess
primary antibody was removed by washing the miembranes three times in PBS-T. The blots were
then incubated with the appropriate horseradish peroxidase-conjugated secondary antibody
diluted in PBS-T for 1 hr and were subsequently washed three times in PBS-T. Immunoreactive
proteins were detected by enhanced chemiluminescence. In some expériments, membranes were
reprobed after sfripping in 0.1 M Tris-HCI (pH 8.0), 2% SDS, and 100 mM B-mercaptoethano!
for 30 min at 52°C. The blots were rinsed twice in PBS-T and processed as above with a
different primary antibody. Autoluminograms shown are representative of at least three
independent experiments.

[mmuﬁocyl‘ochemz'stry. CGNs were cultured on polyethyleneimine-coated glass cover
slips- at a density of approximately 2.5x10° cells per coversllip. Following incubz-n“i(»m as

described in the text, cells were fixed in 4% paraformaldehyde and were then permeabilized and

blocked in PBS (pH 7.4) containing 0.2% Triton X-100 and 5% BSA. Cells were then incubated

for approximately 16 hr at 4°C with brimary antibody diluted in PBS containing 0.2% Triton X-
100 and 2% BSA. The primary antibody was aspirated and the cells were washed five times
with PBS. The cells were then incubated with a Cy3-conjugated secondary antibody and DAPI
for 1 hr at room temperature. CGNs were then washed five more times with PBS and coverslips
were adhered to glass slides in mounting medium (0.1% p-phenylenediamine in 75% glycerol in
PBS). Fluorescent images were captured using either 63X or 100X oil immersion objectives on

a Zeiss Axioplan 2 microscope equipped with a Cooke Sensicam deep-cooled CCD camera and a




Slidebook software analysis program for digital deconvolution (Intelligent Imaging Innovations
Inc., Denver, CO).

Measurement of mitochondrial swelling. CGNs were incubated as described in the text
and JCI (final concentration of 2 pg/ml) was added to the cultures 30 min prior to fixation to
stain mitochondria. JCI fluorescence was captured in paraformaldehyde-fixed cells using a Cy3
filter under 100X oil. The diameters of approximately 150 mitochondria per treatiment condition
were then measured from digitally deconvolved images obtained from a total of 15 to 20 CGNs
(randomly pooled from four independent experiments).

Assessment of mitochondrial membrane potential. CGNs grown on glass coverslips were
incubated as described in the text and TMRE (500 nM) was added directly to the cells 30 min
prior to the end of the incubation period. Following incubation, coverslips were inverted onto
slides into a small volume of phenol red-free medium containing TMRE (500 nM). Livin g cells
were then imaged using a Cy-3 filter to detect TMRE fluorescence under 100X oil. All images
were acquired at equal exposure times for TMRE fluorescence to assess the relative
mitochondrial membrane potentials.

Adenoviral Infection. Recombinant adenoviruses were purified by cesium chloride
gradient ultracentrifugation. The viral titer (multiplicity of infection) was determined by
measuring the absorbance at 260 nm (where 1.0 absorbance units=Ix10" particles/ml) and
infectious particles were verified by plaque assay. Adenoviral-CMV, -CrmA. or —dominant-
negative (DN)-AKT were added to CGN cultures on day 5 at a multiplicity of infection of 50.
Forty-eight hours post-infection, either CGN apoptosis was induced by removal of serum and
depolarizing potassium for 24 hr (for Ad-CMV and Ad-CrmA) or cell lysates were directly

prepared for western blotting for phospho-FKHRL1 and Bim (for Ad-CMV and Ad-DN-AKT )-



Data analysis.  Results shown represent the means+S.E.M. for the number (n) of
independent experiments performed. Statistical differences between the means of unpaired sets
of data were evaluated using one-way analysis of variance followed by a post hoc Dunnett’s test.

A p value of <0.01 was considered statistically significant.




RESULTS
IGF-I suppresses CGN apoptosis and activation of caspase-3 and caspasc-9
Primary CGNs are dependent on depolarization-mediated calcium influx and serum-derived
gl'oxxdll factors for their survival in vitro (D’Mello et al., 1993; Galli et al., 1995). Removal of
serum and depolarizing potassium induced marked apoptosis  of CGNs, characterized
morphologically by chromatin condensation and fragmentation (Fig. 14).  Quantification of
CGN apoptosis was performed by counting the number of cells with condensed and/or
fragmented nuclei from several representative fields for each incubation condition. Basal CGN
apoptosis was approximately 10% and increased to approximately 60% following 24 hr of
trophic factor withdrawal (Fig. 18). We utilized this cell system to investigate the mechanism of
IGF-I neuroprotection. As described previously (D’Mello et al., 1993: Galli et al.. 1995: Miller
et al.,, 1997a), addition of IGF-I to cerebellar cultures immediately following trophic factor
withdrawal resulted in an approximate 80% reduction in CGN apoptosis (Fig. 14, B). The ability
of IGF-I to rescue CGNs from apoptosis required activation of PI3K as demonstrated by the loss
of protection observed in the presence of wortmannin (F 1g. 14, B). Activation of the executioner
caspase-3 has been implicated in the apoptotic death of CGNs (Eldadah et al., 2000). Consistent
with this, we observed cleavage of caspase-3 from the pro-form to an active fragment within 6 hr
of serum and potassium deprivation (Fig. 1C). Like the results obtained for nuclear condensation
and fragmentation, IGF-I inhibited caspase-3 activation in a PI3K-dependent manner (Fig. 1()).
This latter result suggested that IGF-I blocks pro-apoptotic signaling events early in the apoptotic
cascade since caspase-3 cleavage is commonly thought to signify commitment to apoptosis.

To identify potential targets of IGF-I action upstream of the executioner caspase-3 in the

apoptotic cascade, we focused on components of the intrinsic (mitochondrial) death pathway

10



(Green, 1998). Recent data indicate that the intrinsic death pathway plays a significant role in
CGN apoptosis evoked by trophic factor withdrawal (Miller et al., 1997b; Desagher et al.. 1999).
Immediately upstream of caspase-3 cleavage, activation of the initiator caspase-9 is the most
distal event in the intrinsic pathway (Kuida et al., 1998). Recently, caspase-9 activation was
shown to be required for caspase-3 cleavage in CGNs deprived of serum and depolarizing
potassium (Gerhardt et al., 2001). Consistent with involvement of caspase-9 in CGN apoptosis,
we found that infection of CGNs with adenoviral CnﬁA, an mhibitor of Group [T caspases
(including caspase-9) but not Group II caspases (such as caspase-3) (Garcia-Calvo et al., 1998),
significantly decreased apoptosis from 7248% (n=3) to 29+£3% (n=3, p<0.01). In contrast, a
negative control adenovirus (Ad-CMV) had no effect on CGN apoptosis (70+£8%, n=3).
Following acute serum and potassium deprivation, we observed marked cleavage of caspase-9
consistent with its activation (Fig. 1D). As was observed for caspase-3 cleavage, activation of
caspase-9 was significantly inhibited by IGF-I in a PI3K-dependent manner (Fig. 1D)

k)

demonstrating that IGF-I suppresses a key component of the intrinsic death pathway in CGNs.

IGF-1I inhibits release of cytochrome C from mitochondria and its reclistx*iinnti@ to
neuronal processes

Caspase-9 is activated following its association with Apaf-1 and cytochrome C, which assemble
into a large oligomeric complex known as the apoptosome (Zou et al., 1999). Formation of the
apoptosome occurs after release of the mitochondrial protein, cytochrome C, into the cytoplasm.
‘In CGNs maintained in the presence of serum and depolarizing potassium, cytochrome C was
localized predominantly in mitochondria (Fig. 24), with only diffuse staining observed in

neuronal processes (Fig. 2C, E). Removal of serum and depolarizing potassium for 4 hr resulted
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in a rapid redistribution of cytochrome C from mitochondria to a diffuse staining throughout the
cytoplasm. This redistribution was accompanied by the formation of many pronounced punctate
areas of cytochrome C staining (Fig. 2B). The latter were observed primarily, although not
exclusively, in distinct focal complexes localized to neuronal processes (Fig. 2D, F). In contrast
to cytochrome C staining, no detectable redistribution of the mitochondrial marker, Mitotracker
Green, was observed in neuronal processes under apoptotic conditions, indicating that the
punctate areas of cytochrome C staining were not associated with intact mitochondria (data not
shown).  Inclusion of IGF-I during trophic factor withdrawal prevented the release and
redistribution of cytochrome C from mitochondria (Fig. 2G). However, addition of wortmannin
in combination with IGF-I restored the release of cytochrome C from mitochondria and its
redistribution to focal complexes in neuronal processes (Fig. 2/), indicating that the effects of
IGF-I 01.1 cytochrome C release were PI3K-dependent. Thus, IGF-T inhibits the release of

cytochrome C from mitochondria, and in this manner, blocks the subsequent activation of the

intrinsic initiator caspase-9.

Mitochondrial swelling and mitochondrial membrane depolarization are not prevented by
IGF-1

There are two potential mechanisms underlying cytochrome C release from mitochondria that
have received considerable attention. The first involves opening of the permeability transition
pore (PTP). The PTP is a heteromeric protein complex that includes the voltage-dependent
anion channel, the adenine nucleotide translocator, and cyclophilin D, as well as several other
proteins (reviewed by Martinou and Green, 2001). The PTP is localized at contact sites between

the inner and outer mitochondrial membranes. Some apoptotic stimuli are capable of opening



the PTP, resulting in disruption of the mitochondrial membrane potential (depolarization), a
decline in ATP production, and entry of solutes and water into the mitochondrial matrix.
Ultimately, mitochondrial sWelling and rupture of the outer mitochondrial membrane oceur,
allowing the leakage of préteins (eg., cytochrome C) from the intermembrane space into the
cytoplasm.  We utilized the mitochondrial dye JCI to visualize mitochondria in CGNs
undergoing apoptosis. Although the absolute amount of JC1 accumulated in mitochondria varies
with membrane potential, JC1 is extremely photostable and labels all mitochondria to some
extent (White and Reynolds, 1996). Following incﬁbation with JC1, CGNs were fixed and the
diameters of labeled mitochondria were measured following digital deconvolution imaging. As
shown in Figure 3, serum and potassium deprivation for 4 hr resulted in dramatic swel ling of
mitochondria in CGNs (Fig. 34, wupper panels). This effect was reversible if serum and
depolarizing iaotassium were restored within the first 2 hr following trophic factor withdrawal
(Fig. 34, lower right panel). Inclusion of IGF-I during the apoptotic stimulus did not prevent the
swelling of CGN mitochondria (Fig. 34, lower lefi panel). The distribution of mitochondrial
diameters under control, apoptotic, and apoptotic+IGF-I conditions is shown in Fi gure 38, and
the mean diameters are shown i11 Figure 3C. Serum and potassium deprivation resulted in a
significant 50% increase in the mean mitochondrial diameter in CGNs (0.69+0.03 microns in
control vs. 1.05£0.11 microns in apoptotic, p<0.01), an effect that was una]fered by IGF-I
7(0.96i0.12 microns) (Fig. 3C). Interestingly, inclusion of IGF-I in trophic factoi'~deprived CGNs
failed to reverse the mitochondrial swelling even after 48 hr of incubation, although apoptosis
was still blocked at this time point. However, re-addition of depolarizing potassium for the latter
24 hr of the incubation period did reverse the mitochondrial swelling, indicating that it is a

depolarization-sensitive event that is unaffected by IGF-I (data not shown).




Next. we analyzed the mitochondrial membrane potential by incubating living C(Ns
with the membrane potential-sensitive dye tetramethylrhodamine ethyl ester (TMRE). TMRE is
actively accumulated in mitochondria possessing an intact membrane potential, but is excluded
or lost from mitochondria that are depolarized (Krohn et al 1999). CGNs maintained in the
presence of serum and depolarizing potassium displayed mitochondria that were bri ghtly stained
with TMRE, indicative of an intact membrane potential (Fig. 4, upper lefi panel). Since these
experiments were conducted in living CGNs, we showed that the mitochondrial membrane
potential of control CGNs was maintained throughout the duration required to capture all of the
images described below (Fig. 4, lower right panel). Serum and potassium deprivation for 4 hr
resulted in a marked loss of mitochondrial TMRE staining, consistent with mitochondrial
membrane depolarization (Fig. 4, upper right panel). As was observed for mitochondrial
swelling, addition of IGF-I to trophic factor-deprived CGNs did not prevent the loss of
mitochondrial membrane potential (Fig. 4, lower left panel). The above results demonstrate that
IGF-I does not block cytochrome C release from CGN mitochondria by inhibition of
mitochondrial swelling or depolarization, suggesting that opening of the PTP does not play a

significant role in cytochrome C release during apoptosis of CGNs.

IGF-I blocks induction of the BH3-only Bcl-2 family member Bim

The second potential mechanism by which cytochrome C release is regulated involves the
formation of a Bax- or Bak-containing “pore” in the outer mitochondrial membrane that permits
passage of proteins (Korsmeyer et al., 2000). Bax and Bak are pro-apoptotic members of the
Bel-2 family that appear to serve a redundant function in making the mitochondrial membrane

permeable to cytochrome C (Wei et al., 2001). The BH3-only Bcl-2 family members, including

14



- Bad, Bid, Dp5/Hrk, and Bim, have been shown to promote the pro-apoptotic effects of Bax and
Bak, while concomitantly suppressing the pro-survival function of Bel-2 (Desagher et al., 1999:
Zong et al., 2001). Recently, Bim was shown to be up-regulated following either nerve growth
factor (NGF) withdrawal from primary sympathetic neurons or serum and potassium withdrawal
from CGNs (Putcha et al., 2001; Whitfield et al., 2001). Moreover, overexpression of Bim or
related BH3-only family members promotes apoptosis of CGNs in a Bax-dependent manner
(Harris and Johnson, 2001).. Immunoblotting for Bim following acute trophic factor withdrawal
in CGNs demonstrated a marked increase in the expression of Bim short (Bim,, ~15 kDa) (Fig.
54), the most pro-apoptotic splice variant of this protein family (O’Connor et al.. 1998).
Que_mtiﬁcation of the change in protein expression by densitometry revealed that serum and
potaésium deprivation for 6 hr induced a significant 3.4+0.4 fold increase (n=3, p<0.01) in Bim,
(Fig. 5B). Inclusion of IGF-I completely blunted the induction of Bim; (1.5+0.5 fold increase,
n=3) in a PI3K-dependent manner (Fig. 54, B). In contrast, the expression of the pro-survival
Bcl-2 family member BclX was un.affected by either trophic factor withdrawal or IGF-T (Fig.
54). These data indicate that suppression of Bim is one mechanism by which IGF-1 inhibits

cytochrome C release in CGNs deprived of serum and depolarizing potassium.

IGF-I does not suppréss Bim expression by inhibiting c-Jun

Activation of the transcription factor c-Jun is required for apoptosis of primary sympathetic
neurons subjected fo NGF withdrawal (Eilers et al., 1998) and CGNs undergoing serum and
potassium deprivation (Watson et al., 1998). The ability of a dominant-negative mutant of c-Jun
to rescue symba’chetic neurons from apoptosis has recently been attributed, in part, to its ability to

block induction of Bim (Whitfield et al,, 2001). The transcriptional activity of c-Jun is




stimulated following its phosphorylation on multiple serine residues (including Ser63 and Ser73)
by upstream kinases of the JINK family (Minden et al.. 1994). Chemical inhibitors of INK have
been shown to inhibit apoptosis of CGNs (Harada and Sugimoto. 1999: Coffey et al., 2002) and
to attenuate Bim mRNA expression in CGNs subjected to trophic factor withdrawal (Harris and
Johnson; 2001). In the present study, we observed that incubation of trophic factor-deprived
CGNs with the pyridinyl imidazole INK/p38 inhibitor, SB203580 (Harada and Sugimoto, 1999;
Coffey et al., 2002), blunted the phosphorylation of c-Jun on Ser63 (Fig. 64) and prevented the
increased expression of c-Jun detected by immunoblotting (Fig. 6B). Moreover, SB2033580
significantly attenuated the induction of Bims, consistent with a role for c-Jun in the regulation of
Bim expression in CGNs (Fig. 6C, D). To determine if IGF-I blocks Bim induction via an
inhibition of c-Jun, we analyzed the effects of IGF-I on c-Jun phosphorylation and expression.
Addition of IGF-I to CGNs deprived of serum and depolarizing potassium failed to attenuate
either the phosphorylation of c-Jun on Ser63 (Fig. 6E) or the increased expression of c-Jun
observed by western blot (Fig. 6F). Thus, IGF-I suppresses the induction of Bim in apoptotic

CGNs via a mechanism that is independent of the transcription factor c-Jun.

IGF-I prevents dephosphorylation and nuclear translocation of the forkhead transcription
factor FKHRLI1

Recently, a member of the forkhead family of transcription factors, FKHRLI, was shown fo
regulate the induction of Bim in lymphocytes undergoing apoptosis in response to cytokine
withdrawal (Dijkers et al., 2000). Furthermore, overexpression of a constitutively-active mutant
of FKHRL1 was sufficient to increase Bim expression in B cells (Dijkers et al.. 2000). The

actions of forkhead family members are regulated by phosphorylation on serine and threonine
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residues.  The pro-survival kinase AKT is the main effector of IGF-I that is activated
downstream of PI3K, and FKHRLI has been identified as a principal substrate of AKT in
neuronal 'cellsv (Brunet et al., 1999; Zheng et al., 2000). Therefore, we first assessed the
phosphorylation status of AKT and FKHRLI in CGNs by immunoblotting with phospho-site-
specific antibodies. CGNs cultured in the presence of serum and depolarizing potassium showed
marked phosphorylation of AKT on Serd73, in.dicative of high AKT activity (Fig. 74. firs/ lane).
In parallel, control CGNs also exhibited high phosphorylation of FKHRIL1 on Ser253, one of the
sites targeted by AKT (Fig. 73, Jirst lane).  Removal of serum and depolarizing- potassium
resulted in a pronounced dephosphorylation (inactivation) of AKT (Fig. 74, second lane) and a
corresponding loss of FKHRLI phosphorylation (Fig. 7B, second Icm.e).» Addition of IGF-I to
CGNs deprived of serum and depolarizing potassium 1.naintained the phosphorylation of both
AKT (Fig. 74) and FKHRL1 (Fig. 7B),\effects that were blocked by the PI3K inhibitor
wortmannin.

Phosphorylation of FKHRIL] on Thr32 and Ser253 by AKT results in translocation of
FKHRLI from the nucleus to the cytoplasm where it is subsequently sequestered by 14-3-3
proteins (Brunet et al., 1999). Thus, IGF-I signaling via AKT has the potential to negatively
regulate the transcriptional activity of FKHRL1 by excluding it from the nucleus. We next
examined the cellular localization of FKHRLI in CGNS. FKHRLT was localized predominantly
to the cytoplasm in CGNs maintained in the presence of trophic factors (Fig. 7C, upper lefi
panel). Following acute trophic factor withdrawal, FKHRL] underwent a dramatic translocation
to the nucleus (Fig. 7C, wupper right panel). The nuclear translocation of FKHRL1 was
completely prevented by IGF-I (Fig. 7C, lower left panel) in a PI3K-dependent manner (F ig. 7C,

lower right panel). Collectively, these results demonstrate that under conditions where [GF-I

17




blocks Bim induction (see Fig. 5). it concurrently sustains high AKT activity. robust FKFHRI. |
phosphorylation, and exclusion of FKHRLI from the nucleus. These findings are consistent
with a role for FKHRLI in the regulation of Bim expression in CGNs. Moreover. these data
suggest a novel mechanism by which IGF-I suppresses Bim induction in trophic factor-deprived

CGNs by blocking the actions of FKHRLI.

Adenoviral-mediated expression of dominant-negative AKT results in dephosphorylation
of FKHRL1 and induction of Bim

To more directly assess the role of AKT in the regulation of FKHRLI activity and Bim
expression, we infected CGNs with an adenovirus expressing a kinase-dead, dominant-negative

mutant of AKT (Ad-DN-AKT). As described above, CGNs cultured in the presence of serum

and depolarizing potassium showed marked phosphorylation of AKT on Ser473. indicative of

high endogenous AKT activity (see Fig. 74, first lane). Under these conditions, adenoviral-
mediated expression of DN-AKT resulted in a marked dephosphorylation of FKHRLI on the
AKT target site Ser253 (Fig. 84), when compared to CGNs infected with a negative control
adenovirus (Ad-CMV). Moreover, the dephosphorylation of FKHRLI induced by DN-AKT was
associated with a coordinated increase in the expression of Bim, (Fig. $B8). These data further
support a mechanism by which IGF-I/AKT signaling blocks Bim induction at the Jevel of the

FKHRLI transcription factor.
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DISCUSSION
IGF-I promotes the survival of CGNs both in vitro and in vivo (Yeetal,, 1996; Lin and Bulleit,
1997). In the current study, we have investigated the neuroprotective mechanism of IGF-I in
CGNs by systematically analyzing its effects on components of the intrinsic death signaling
cascade. First, we found that IGF-I suppressed activation of the executioner caspase-3 in CGNs
subjected to trophic factor withdrawal. This effect was blocked by the PI3K inhibitor
wortmannin, consistent with a role for PI3K/AKT signaling in the IGF-I-mediated survival of
CGNs. Previously, ribozyme-mediated downregulation of caspase-3 was shown to inhibit CGN
apoptosis (Eldadah et al., 2000), supporting involvement of this executioner caspase in the
mechanism of cell death. Comparable to our results, IGF-I has been shown to attenuate caspase-
3 activation in other models of neuronal apoptosis via a PI3K/AKT-dependent mechanism (Van
Golen and Feldman, 2000; Barber et al., 2001). We also found that IGE-I blocked a.ctiivation of
the intrinsic initiator caspase-9 in a PI3K-dependent manner. Recenﬂy, selective peptide
inhibitors of caspase-9 were shown to prevent caspase-3 activation in CGNS, demonstrating that
caspase-9 activation occurs upstream of the executioner during CGN apoptosis (Gerhardt et al.,
2001). Moreover, we found that adenoviral CrmA, an inhibitor of caspase-9, protected CGNs
from apoptosis. Similar to our data, IGF-I has been shown to prevent caspase-9 activation in rat
retinal ganglion cells following optic nerve transection (Kermer et al., 2000). Collectively. these
data suggest a common mechanism by which IGF-I blocks activation of the executioner caspase-
3 in neurons via inhibiﬁon of the upstream, intrinsic initiator caspase-9.

Since caspase-9 is activated following its recruitment into the apoptosome, we analyzed
the effects of IGF-I on cytochrome C release from mitochon.dria. Ac.ute trophic factor

withdrawal from CGNs induced a rapid redistribution of cytochrome C from mitochondria to
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focal complexes localized in neuronal processes. The precise nature of these complexes is
currently under investigation, but it is possible that these cytochrome C-rich structures represent
large aggregates of apoptosomes. This would allow for a localized activation of caspases in
neuronal processes where many structural targets of these protecases exist (ew.. cytoskeletal
proteins). We are currently attempting to co-localize Apaf-1 and caspase-9 by
immunocytochemical methods to these cytochrome C-containing complexes. Regardless of their
exact content, IGF-I essentially abolished formation of these complexes and maintained
-cytochrome C in mitochondria. The effects of IGF-I on cytochrome C redistribution were
prevented by wortmannin, consistent with a previously recognized role for PI3K/AKT in the
inhibition of cytochrome C release (Kennedy et al., 1999). The above results suggest that [GI-]
inhibits activation of caspase-9 by preventing the release of cytochrome C and the subsequent
formation of apoptosomes.

We next examined the role of the mitochondrial PTP in mediating the release of
cytochrome C during CGN apoptosis. In trophic factor-deprived CGNs, marked mitochondrial
swelling and depolarization were observed, indicative of PTP opening. Although IGF-1 has been
shown to prevent mitochondrial depolarization in neuroblastoma cells exposed to hyperosmotic
conditions (Van Golen and Feldman, 2000), we did not observe any effect of IGF-1 on either
mitochondrial swelling or depolarization in CGNs. Although IGF-I clearly blocked apoptosis in
trophic factor-deprived CGNs, the observation that it failed to prevent mitochondrial swe]]ing
indicates that the neurons still have damaged mitochondria in the presence of [GF-I. This
finding suggests that a slower non-apoptotic death process was unmasked in CGNs by blocking
the‘ more rapid apéptotic death with IGF-I. The characterization of a non-apoptotic death

pathway in CGNs will require further investigation. Nonetheless, since IGF-I blocked



cytochrome C release under conditions where it failed to affect mitochondrial swelling or
depolarization, we conclude that opening of the PTP is insufficient to promote cytochrome C
release in trophic factor-deprived CGNs. These results are in agreement with those previously
reported for hippocampal neurons exposed to staurosporine in which cytochrome C release and
caspase-3 activation preceded mitochondrial depolarization (Krohn et al., 1999). Collectively, -
these results indicate that opening of the PTP may not be a principal mechanism for cytochrome
C release in neurons.

The pro-apoptotic Bel-2 family member, Bax, has been implicated in cytochrome C
release and apoptosis of CGNs in vitro and in vivo (Miller et al., 1997b; Desagher et al., 1999:
Selimi et al., 2000b). The pro-apoptotic function of Bax is attenuated by anti-apoptotic members
of the Bcl-2 family (Bcl-2, Bel-X;) which heterodimeriie with Bax and sequester it away from
mitochond_ria (Otter et al., 1998). Conversely, BH3-only Bcl-2 family members promote the
pro-apoptotic effects of Bax by binding to Bcl-2, thus freeing Bax to incorporate into the
mitochondrial membrane (Zong et al., 2001). In addition, BH3-only proteins have also been
shown to interact with Bax and induce a conformational change that facilitates its incorporation
ipto mitochondria (Desagher et al., 1999). .T.hese findings illustrate that BH3-only proteins serve
several key functions in the Bax-dependent release of cytochrome C and initiation of ;he int.rinsic
death pathway.

The BH3-only protein Bim was recently shown to be induced in both sympathetic
neurons subjected to NGF withdrawal and in trophic factor-deprived CGNs (Putcha et al.. 2001;
Whitfield et al., 2001). Sympathetic neuron apoptosis was attenuated by injection of Bim
- antisense oligonucleotides (Whitfield et al., 2001), and neurons from Bim knock-out mice were

less sensitive to apoptosis than neurons from wild-type mice (Putcha et al., 2001). In addition,
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overexpression of Bim induced apoptosis in sympathetic neurons (Whitfield et al 2001) and in
CGNs in a Bax-dependent manner (Harris and Johnson, 2001). Multiple isoforms of Bim have
been identified that apparently arise by alternative splicing (O"Connor et al., 1998). In the works
cited above (Putcha et al., 2001; Whitfield et al__ 2001). Bimyy was induced during neuronal
apoptosis, whereas we observed induction of Bims in CGNs subjected to trophic factor
withdrawal. These isoform-specific differences may be a result of the specific antibodies utilized
to detect Bim. The polyclonal antibody used in the current study detected primarily a si ngle ~15
kDa protein in CGN lysates, and in HEK293 cell lysates (data not shown), consistent with the
apparent molecular weight of Bim,. We observed an approximately three-fold induction of Bims
protein following acute trophic factor withdrawal that was completely prevented by inclusion of
IGF-I, in a PI3K-dependent manner. These results suggest that [GF-] suppresses the intrinsic
death pathway upstream of Bim synthesis. Consistent with this conclusion, Harris and Johnson
(2001) recently showed that IGF-I was unable to rescue CGNs from apoptosis induced by
overexpression of the BH3-only protein DpS5/Hrk. Thus, our data are the first to identify the up-
regulation of Bim as a major target of IGF-T action in neurons undergoing apéplosis.

Bim expression is regulated by multiple transcription factors. In NGF-deprived
sympathetic neurons, dominant-negative c-Jun partially attenuated the induction of Bim MRNA
and Bimg, protein, inhibited cytochrome C release, and rescued sympathetic neurons from
apoptosis (Whitfield et al., 2001). c-Jun has also been implicated in the apoptosis of CGNs
(Watson et al., 1998), and an inhibitor of the TNK signaling pathway (CEP-1347) was recent y
shown to partially blunt the induction of Bim mRNA in CGNs subjected to tr ophic chtm
withdrawal (Harris and Johnson, 2001) In agreement with JNK/c-Tun involvement in the

induction of Bim, in CGNs undergoing apoptosis, the p38//INK mhibitor, SB203580,



significantly attenuated both the activation of c-Jun and the increase in Bimg expression.
However, IGF-I failed to inhibit c-Jun activation under conditions where it significantly blocked
induction of Bims. These results indicate that c-Jun plays a role in the.regulation of Bim
expression during CGN apoptosis, but IGF-I suppresses the induction of Bim via a mechanism
that does not involve modulation of JNK/c-Jun signaling. This conclusion is in agreement with
the work of Whitfield et al. (2001) who proposed that NK/c-Jun signaling cooperates with a
distinct JNK/c-Jun-independent pathway to stimulate the expression of Bim in sympathetic
neurons deprived of NGF.

In this context, the forkhead transcription factor, FKHRLI, has recently been shown to
regulate Bim expression in hematopoietic cells (Dijkers et al., 2000). Cytokine withdrawal from
a pro-B cell line induced activation (dephosphorylation) of FKHRLI, induction of Bim, and
apoptosis (Dijkers et al., 2000). Moreover, expression of a constitutively-active mutant of
FKHRLI, in which three putative AKT phosphorylation sites are mutated to alanine, induced
Bim expression, cytochrome C release, and apoptosis in hematopoietic cells (Dijkers et al.,
2002). Given that FKHRL1 has been shown to be a substrate for AKT in neurons (Zheng et al.,
2000), the AKT-mediated mactivation of FKHRL] may be one mechanism by which IGF-I
inhibits apoptosis.  Indeed, overexpression of a constitutively-active, FKKHRLI triple
phosphorylation-site mutant is sufficient to induce apoptosis of CGNs (Brunet ét al., 1999). In
the present study, we showed that trophic factor withdrawal from CGNs led to an inactivation of
AKT, a corresponding activation of FKHRL1, and translocation of FKHRL1 to the nucleus. "/\ll
of these effects, along with the induction of Bim, were prevented by IGF-T in a PI3K-dependent

manner. In addition, adenoviral expression of a dominant-negative mutant of AKT was

sufficient to activate FKHRLI and induce Bim expression in CGNs maintained in the presence
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of serum and depolarizing potassium. Taken together. our data suggest that [GF-T attenuates the
induction of Bim in trophic factor-deprived CGNs via a PI3K/AK T-mediated inactivation of the
FKHRLI transcription factor.

In summary, our results demonstrate that suppression of the intrinsic death signaling
cascade is a principal mechanism underlying the neuroprotective effects of IGF-1. 1GF-1 blocks
Bim induction, cytochrome C release, and activation of the intrinsic initiator caspase-9 and the
executioner caspase-3 in CGNs deprived of trophic support. Moreover, IGF-I inhibits the
actions of FKHRLI, a transcriptional regulator of Bim, suggesting a novel c-Jun-independent

mechanism for the modulation of Bim in neurons.
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FIGURE LEGENDS

Figure 1. IGF-I inhibits apoptosis and activation of the executioner caspase-3 and the intrinsic’
mitiator caspase-9 in CGNs subjected to trophic factor withdrawal. 4, CGNs were incubated for
24 hr in either control (25K+Ser) or apoptotic (5K-Ser) medium containing either PBS vehicle
(VEH) or IGF-T (200 ng/ml) in the absence or presence of wortmannin (WORT, 100 nM).
Following incubation, CGNs were fixed and nuclei were stained with DAPL.  Scale bar=10
microns. B, The percentages of apoptotic CGNs observed under the condi;tions described in 4
were quantified by counting approximately 500 CGNs per field in two fields per condition.
Values represent the means+S.E.M. for three independent experiments, each performed in
triplicate. *Signiﬁcamly different from the 25K+Ser control (p<0.01). C, CGNs were incubated
as described in 4, but for only 6 hr. Detergent-soluble cell lysates were subjected to SDS-PAGE
on 15% polyacrylamide gels and proteins wefe transferred to PVDF membranes. /\cfivation of
caspase-3 was assessed by immunoblotting (IB) with a polyclonal antibody that recognizes both
the pro-form (~32 kDa) and the cleaved form (~19 kDa active fragment) of the enzyme. The
blot shown is representative of results obtained in three separate experiments. D, CGNs were
incubated exactly as described in C and cell lysates were electrophoresed as described in C.
Activation of caspase-9 was assessed by western blotting with a polyclonal antibody that
specifically recognizes the cleaved form (active fragment) of the caspase. The blot shown is

representative of three independent experiments.

Figure 2. 1GF-I blocks cytochrome C release from mitochondria and prevents its redistribution

to focal complexes localized in neuronal processes. CGNs were incubated for 4 hr in control
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(25K+Ser) or apoptotic (SK-Ser) medium containing either PBS vehicle or IGF-T (200 ng/ml) in
the absence or presence of wortmannin (WORT, 100 nM). Following incubation. CGNs were
fixed in 4% paraformaldehyde, permeabilized with 0.2% T riton-X-100, and blocked with 3%
BSA.  Cytochrome C was localized by incubating the cells with a polyclonal antibody to
cytochrome C and a Cy3-conjugated secondary antibody. Digitally deconvolved images were
then captured using a 63X oil objective. The images shown are representative of results obtained
in three separate experiments. Scale bar=10 microns. A, CGNs incubated in control medium
demonstrated intense cytochrome C staining in the perinuclear region consistent with
localization to mitochondria. Very diffuse staining was observed in neuronal processes. B,
CGNS incubated in apoptotic medium for 4 hr showed a marked redistribution of cytochrome C.
Note the overall diffuse staining throughout the cytoplasm accﬁmpanied by the formation of
distinct, brightly fluorescent focal complexes on the cell bodies and processes. (', The area
demarcated by the box in 4 is enlarged to show the diffuse cytochrome C staining in a control
neuronal process. D, The area demarcated by the box in B is enlarged to show the intense
cytochrome C staining localized to discrete focal complexes (indicated by the arrowheads) in
neuronal processes of CGNs deprived of serum and depolarizing potassium. £, A region
containing multiple processes (proc) from control CGNs is shown. Note the overall diffuse
cytochrome C staining. £, A region containing multiple processes from CGNs incubated in
apoptotic medium for 4 hr is shown. Note the presence of many distinct focal areas of intense
cytochrome C staining (indicated by the arrowheads). G, CGNs incubated in apoptotic medium
containing exogenous IGF-I displayed cytochrome C localization to mitochondria similar to
control CGNs (see panel 4 for comparison). H, CGNs incubated in apoptotic medium containing

both IGF-I and wortmannin showed cytochrome C staining similar to CGNs incubated in



apoptotic medium alone (see panel B for comparison). Focal complexes of cytochrome C

staining are indicated by the arrowheads.

Figure 3. Mitochondrial swelling induced by trophic factor withdrawal is not inhibited by IGF-I.
CGNs were incubated for 4 hr in either control (25K+Ser) or apoptotic (5K-Ser) medium
containing either PBS vehicle (VEH) or IGF-I (200 ng/ml). To test for reversibility of
mitochondrial swelling, CGNs were first incubated for 2 hr in apopfotic medium and were then
returned to control medium for an additional 2 hr prior to staining (REV). In preliminary time
course vexperiments, a 2 hr incubation in apoptotic medium was found sufficient to induce
marked mitochondrial swelling (data not shown). Thirty minutes prior to fixation, JC1 (final
concentration of 2 pg/ml) and Hoechst dye were addéd to the cultures to stain mitochpngh-ia and
nuclei, respectively. JC1 fluorescence was captﬁred using a Cy3 flter under 100X oil. 4.
Representative images of CGNs incubated as described above and stained with Foechst and 1C1.
Mitochondria are indicated by the arrowheads. Note the dramatic swelling of mitochondria in
CGNs incubated in apoptoticlmédium in either the absence or presence of IGF-1. Mitochondrial
swelling was completely reversible if control medium was replaced within 2 hr (REV). The
images shown are representative of CGNs from four separate experiments. Scale bar=10
microns. B, Distribution of mitochondrid diameters from CGNs observed under the conditions
described in 4. The diameters of approximately 150 mitochondria per treatment conrdition were
measured from digitally deconvolved imageé obtained from a total of 15 to 20 CGNs (ranaomly
pooled from four independent experiments). The mitochondrial diameters were categorized into
the indicated size groups and graphed as a percentage éf the total nﬁtoéhondria with a given

diameter. C, Quantification of the mean mitochondrial diameters for CGNs observed under the




conditions described in 4. Values represent the means=S.E.M. mitochondrial diameters obtained
from the mitochondria measured in B. Significantly different from the 25K+Ser control

(p<0.01).

Figure 4. Mitochondrial membrane depolarization elicited by trophic factor withdrawal is not
prevented by IGF-I. CGNs grown on glass coverslips were incubated for 4 hr in either control
(25K+Ser) or apoptotic (5K-Ser) medium alone or containing IGF-I (200 ng/m}). Thirty minutes
prior to the end of the incubation period, tetramethylrhodamine ethyl ester (TMRE. 500 nM) and
Hoechst were added directly to the cells. Following incubation, coverslips were inverted onto
slides into a small volume of phenol red-free medium lacking serum or depolarizing potassium
but containing TMRE (500 nM). Living cells were then imaged under 100X oil. Nuclear
staining with Hoechst is shown in blue and TMRE is shown in red. Scale bar =10 microns.
CGNs maintained in control medium during the 4 hr incubation period displayed many
mitochondria that were intensely stained with TMRE, indicative of an intact membrane potential
(upper lefl panel). In contrast, CGNs incubated in apoptotic medium in either the absence
(upper right panel) or presence (lower lefi panel) of IGF-1 expressed very little detectable
mitochondrial TMRE staining, characteristic of a loss of mitochondrial membrane potential or
depolarization. Approximately 5 to 10 min were required to capture the images described above.
Therefore, at the end of the capture duration a final image was acquired of another control CGN
to show that the mitochondrial membrane potential was not compromised during the time
required to capture images (25K+Ser POST). The images shown were all acquired at equal
exposure times for TMRE fluorescence and are representative of results obtained from three

independent experiments, each performed in duplicate.



Figure 5. IGF-I inhibits induction of the BHB-oniy Bel-2 family member Bim in a PI3K-
dependent manner. A, CGNs were incubated for 6 hr in either control (25K+Ser) or apoptotic
(3K-Ser) medium containing either PBS vehicle (VEH) or IGF-I (200 ng/ml) = wortmannin
(WORT, 100 nM). Following incubation, cell lysates were subjected to SDS-PAGE on 15%
polyacrylamide gels and proteins were transferred to PVDF membranes. Bim EXPression was
assessed by immunoblotting with a polyclonal antibody to Bim that specifically recognized an
approximately 15 kDa protein, consistent with the apparent molecular weight of Bim short
(Bims). To affirm equal protein loading, the blot was then stripped and reprobed for the anti-
dpoptotic Bel-2 family me_mber, BelX;, which did not demonstrate any significant change in
expression under the conditions of ﬁ11is experiment. The blots shown are representative of three
separate experiments. B, Quantification of Bim, expression observed under the conditions
described in 4 was performed by computer-assisted imaging densitometry. Values represent the
means+S.E.M. for three independent experiments and are expfessed relative to the densitometry
of Bim; observed in control CGNs (set to 1.0).» °Si gnificantly different from the 25K+Ser control

(p<0.01).

F igure 6. Inhibition of c-Jun signaling attenuates induction of Bim: IGF-I does not block c-Jun
activation in trophic factor-deprived CGNs. 4, CGNs were incubated for 4 hr in either control
(25K +Ser) 61‘ époptotic (5K-Ser) medium in the absence or presence of the JNK/p38 inhibitor
SB203580 (SB, 20 uM). Following incubation, cells were fixed and c-Jun phosphorylated on
Ser63 was detected exclusively in the nuclear compartment using a phospho-specific polyclonal
“antibody.  The images shown are representative of results obtained in three independent

experiments.  Scale bar=10 microns. B, CGNs were incubated for 4 hr in either control




(25K+Ser) or apoptotic (SK-Ser) medium in the presence of either DMSO vehicle (0.2%. VEH)
or SB (20 uM) and cell lysates were subjected to SDS-PAGE on 10% polyacrylamide gels.
Proteins were transferred to PVDF membranes and immunoblotted (IB) with a polyclonal
antibody to c-Jun. The blot shown is representative of three separate experiments. (', CGNs
were incubated as described in B, but for 6 hr, and cell lysates were electrophoresed on 15%
polyacrylamide gels and probed for Bim,. D, Densitometric analysis of Bimg from three
independent experiments performed as described in €. The densitometry of Bim, detected in
control (25K+Ser) CGNs was set at 1.0 and all other values were calculated relative (o the
control. *Signiﬁcantly different from the 25K+Ser control (p<0.01). £, CGNs were incubated
for 4 hr in either contro] (25K+Ser) or apoptotic (5K-Ser) medium in the presence of either PBS
vehicle (VEH) or IGF-I (200 ng/ml). Following incubation, nuclear c-Jun phosphorylated on
Ser63 was detected using a phospho-specific polyclonal antibody. The images shown are
representative of three experiments. Scale bar=10 microns. F, CGNs incubated as described in
E were lysed and extracted proteins were immunoblotted for c-Jun. The blot shown is

illustrative of results obtained from three separate experiments.

Figure 7. IGF-I sustains the phosphorylation of AKT and FKHRLI and prevents the nuclear
localization of FKHRLI in CGNs deprived of trophic support. A, CGNs were incubated for 4 hr
in either control (25K+Ser) or apoptotic (SK-Ser) medium containing either PBS vehicle (VEH)
or IGF-I (200 ng/ml) + wortmannin (WORT, 100 nM). Following incubation, cell lysates were
subjected to SDS-PAGE on 10% polyacrylamide gels and proteins were transferred to PVDF
membranes. Membranes were probed with a phospho-specific antibody that detects active AKT

phosphorylated on Ser473 (p-AKT). Blots were then stripped and reprobed for total AKT to



demonstrate equal loading. The blots shown are typical of results obtained in three separate
experiments. B, CGNs were treated exactly as described in 4 and cell lysates were
immunoblotted for inactive FKHRL] phosphorylated on Ser253 (p-FKHRLI) using a phospho-
speciﬁe antibody. Membranes were then stripped and reprobed for total FKHRLI to verify
equal loading. The blots shown are illustrative of three independent experi‘ments. (. CGNs
incubated as described in 4 were fixed and then incubated with a polyclonal antibody to
FKHRLI followed by a Cy3-conjugated secondary antibody. F luorescent, digitally deconvolved
images were acquired using a 63X oil objective. The arrowheads indicate nuclei that are
relatively devoid of FKHRL1 immunoreactivity. The images shown are representative of three

separate experiments. Scale bar=10 microns.

Figure 8. Adenoviral dominant-negative AKT induces dephosphorylation of FKHRL] and
increases Bim expression. On day 5 in culture, CGNs were infected with either & negative
control adenovirus (Ad-CMV) or adenovirus expressing kinase dead (dominant-negative) AKT
(Ad-DN-AKT), each at a multiplicity of infection of 50. ‘Forty-eight hours post-infection, cell
lysates were subjected to SDS-PAGE on either 7.5% (p-FKHRL1) or 15% ( Bimy)
polyacrylamide gels and proteins were transferred to PVDE membranes. A, The membrane was
probed with a. phospho-specific antibody to inactive FKHRL1 phosphorylated on Ser253 (p-
FKHRLI). B, The blot was probed with a polyclonal antibody that detects the short isoform of

Bim (Bims).
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Adhesion related kinase (ARK) repression of gonadotropin
releasing hormone(GnRH) gene expression requires RAC
activation of the extracellular signal-regulated kinase (ERK)
pathway.

Allen MP, Xu M, Linseman DA, Pawlowski JE, Bokoch GM,
Heidenrecich KA, Wierman ME.

Dept. of Medicine, University of Colorado Health Sciences
Center/VAMC, Denver, CO 80220.

Recent studies suggest that adhesion related kinase (Ark) plays a role in
, gonadotropin releasing hormone (GnRH) neuronal physiology. Ark
Qgggggca!"{;@a;g}w promotes migration of GnRH neurons via Rac GTPase and

PubMed Central concomitantly suppresses GnRH gene expression via homeodomain and
myocyte enhancer factor-2 (MEF2) transcription factors. Here, we
investigated the signaling cascade required for Ark inhibition of the
GnRH promoter in GT1-7 GnRH neuronal cells. Ark repression was
blocked by the MEK/ERK pathway inhibitor, PD98059, and dominant
negative (DN) MEK 1 but was unaffected by DN-Ras. Inhibitors of the
Rho family GTPases, C. difficile toxin B (Rho/Rac/Cdc42 inhibitor) and
C. sordellii lethal toxin (Rac/Cdc42 inhibitor), blocked Ark inhibition of
GnRH transcription. Moreover, DN-Rac blunted both Ark activation of
ERK and repression of the GnRH promoter, demonstrating an essential
role for Rac in coupling Ark to ERK activation. Like Ark, a
constitutively active (CA) mutant of Rac suppressed GnRH transcription
in an ERK dependent manner. Finally, Ark-mediated repression was
significantly attenuated by a DN-MEF2C, whereas repression induced by
CA-Rac was unaffected, indicating that MEF2 proteins are not targets of
the Ark-Rac-MEK-ERK cascade. The data suggest that Ark suppresses
GnRH gene expression via the coordinated activation of a Rac-ERK
signaling pathway and a distinct MEF2-dependent mechanism.
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8™ International Conference on Neural Transplantation and Repair, Keystone, CO (2002)

EXTRINSIC AND INTRINSIC DEATH SIGNALING IN CEREBELLAR NEURONAL
APOPTOSIS: THE IGF-I CONNECTION

*Linseman DA*, McClure ML, Phelps RA, Bouchard RJ, Laessig TA, Le SS, Ahmadi F,

Heidenreich KA '

University of Colorado Health Sciences Center, Department of Pharmacology, 4200 East Ninth
Avenue, Denver CO 80262 and Denver Veterans Affairs Medical Center

Primary cerebellar granule neurons die by apoptosis when deprived of serum and depolarizing
potassium. Here, we investigated the role of extrinsic (death receptor-mediated) and intrinsic
(mitochondrial-dependent) death signals in cerebellar neuron apoptosis.  Expression of
adenoviral, epitope-tagged, dominant-negative Fas-associated death domain protein (AFADD)
decreased granule neuron apoptosis by approximately 75%. Immunocytochemical staining for
the epitope tag revealed that <5% of granule neurons expressed AFADD. In contrast, AFADD
expression was observed in >95% of Purkinje neurons. Purkinje neurons were calbindin-positive
and made up ~2% of the cerebellar neuron culture. Granule neuron survival was dependent on
proximity to AFADD-expressing Purkinje neurons and was inhibited by an insulin-like growth
factor-I (IGF-I) receptor blocking antibody. Utilizing exogenous IGF-I, we identified the
Intrinsic death pathway as a principal target of IGF-I action in granule neurons. IGF-I blocked
activation of both the executioner caspase-3 and the intrinsic initiator caspase-9. Upstream of
caspase-9, IGF-I inhibited release of cytochrome C from mitochondria and prevented its
redistribution to focal complexes localized in neuronal processes. Finally, IGF-I blocked nuclear
translocation of the forkhead transcription factor, FKHRLI, and attenuated induction of its
transcriptional target, the BH3-only Bcl-2 family member Bim. The results indicate that
blockade of extrinsic death signaling in Purkinje neurons rescues neighboring granule neurons by
sustaining the secretion of Purkinje-derived IGF-I. In turn, IGF-I exerts its neuroprotective
effect in granule neurons by suppressing the intrinsic death cascade. Thus, IGF-I acts as a key
intercellular mediator between cerebellar Purkinje neurons and granule neurons to promote
neuron survival. Supported by a United States Army Medical Research Grant DAMDI17-99-1-
9481 (K.A.H), a Veterans Affairs Merit Award (K.A.H.), and a Veterans Affairs Research
Enhancement Award Program (K.A.H. and D.A.L.).




Keystone Symposium, Mitochondria and Pathogenesis
Copper Mountain, CO (2002)

Insulin-like Growth Factor-I Inhibits Bim Induction and the Intrinsic Death Signaling
Cascade in Cerebellar Granule Neurons

Daniel A. Linseman, Reid A. Phelps, Ron J. Bouchard, Tracey A. Laessig, Shoshona S. Le, and
Kim A. Heidenreich

Department of Pharmacology, University of Colorado Health Sciences Center and Denver
Veterans Affairs Medical Center, Denver, Colorado 80220, USA

Cerebellar granule neurons (CGNs) die by apoptosis when deprived of serum and depolarizing
potassium.  Insulin-like growth factor-I (IGF-I) rescues CGNs from apoptosis, but the
mechanism of IGF-I neuroprotection is unclear. In the current study, we identified the intrinsic
(mitochondrial) death pathway as a principal target of IGF-I action. In CGNs undergoing
apoptosis, IGF-I blocked activation of both the executioner caspase-3 and the intrinsic initiator
caspase-9. Upstream of caspase-9, IGF-I inhibited release of cytochrome C from mitochondria
and its redistribution to focal complexes localized in neuronal processes. IGF-I had no effect on
mitochondrial swelling or membrane depolarization, but significantly attenuated induction of the
pro-apoptotic Bel-2 family member Bim. Although the transcription factor c-Jun has previously
been shown to regulate Bim, IGF-I did not block c-Jun phosphorylation in trophic factor-
deprived CGNs. In contrast, IGF-I significantly inhibited dephosphorylation and nuclear
localization of the forkhead transcription factor, FKHRLI, previously implicated in the
regulation of Bim expression in T lymphocytes. Moreover, Bim induction, cytochronie C release
and caspase activation were also blocked by cycloheximide, further indicating that de novo
synthesis of Bim is required for CGN apoptosis. Thus, IGF-I rescues CGNs from apoptosis by
blocking intrinsic death signaling at the level of FKHRLI regulation of Bim. Supported by a VA
Merit Award (K.A.H.) and a VA Research Enhancement Award Program (K.A.H. and D.A.L.).




Y

The Endocrine Society's 84th Annual Meeting: Abstract #851395 Preview

http://www.marathonmultimedia.com/submission/ENDO/main/finalpreview.php?absnum=¢...

Page 1 of 2

- The Endocrine Society's 84th Annual Meeting
Filename: 851395
Contact Author Maria L McClure, BS
Department/Institution: Pharmacology, University of Colorado Health Sczences Center
Address: 4200 East Ninth Ave
City/State/Zip/Country: Denver, Colorado, 80262, Umted States
Phone: (303) 399-8020 x4418 Fax: (303) 393-5271 E-mail: maria.mcclure@uchsc.edu

Abstract Format and Category:

Session Type : Regular Abstract Session

Presentation Type: Consider for Oral Presentation

Basic Science Category: 14. Insulin-like Growth Factors
Awards: Travel Grant Awards.

Do you consider yourself a member of one of the following U.S. underrepresented
groups?

Hispanic -- Other

Is the subject matter of your abstract related to the Human Genome? No

Title: Suppression of Death Receptor Signaling in Cerebellar Purkinje Neurons Protects
Neighboring Granule Neurons from Apoptosis via an IGF-I Dependent Mechanism

Maria L McClure '*, Daniel A:Linseman !, Ron J Bouchard 2, Tracey A Laessig 2, Ferough
A Ahmadi ! and Kim A Heidenreich !. "Pharmacology, University of Colorado Health
Sciences Center, Denver, Colorado, 80262 and ZResearch, Denver Veterans Affairs

| Medical Center, Denver Colorado, 80220.

Primary cerebellar granule neurons undergo apoptosis when deprived of serum and
depolarizing potassium. Here, we investigated a role for death receptor signaling in
cerebellar granule neuron apoptosis by expression of adenoviral AU1-tagged dominant-
negative Fas-associated death domain protein (Ad-AU1-AFADD). Ad-AU1-AFADD
decreased apoptosis of cerebellar granule neurons from 69+6% to 30+£2% (n=5, p<O0. 01)
however, the protection was not uniformly distributed. Immunocytochemical AU1 stammg
revealed that <5% of granule neurons expressed AFADD. In contrast, AFADD expression
was observed in >95% of Purkinje neurons. Purkinje neurons were calbindin-positive and
made up ~2% of the culture. The uneven distribution of protected granule neurons was
associated with proximity to AFADD-expressing Purkinje cells. Both Purkinje neurons and
granule neurons expressed IGF-I receptors on their cell surfaces and AFADD-mediated
granule neuron survival was inhibited by an IGF-I receptor blocking antibody. These
results indicate that blockade of death receptor signaling in Purkinje neurons rescues
neighboring granule neurons that require Purkinje-derived IGF-1. The dependence of
cerebellar granule neurons on Purkinje trophic support mimics that found in vivo during
cerebellar development.

Keyword 1: Apoptosis
Keyword 2: Insulin-like growth factor-I (IGF-I)
Keyword 3: Cerebellum
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The Endocrine Society’s 84™ Annual Meeting, San Francisco, CA (2002)

Insulin-like Growth Factor-I Rescues Cerebellar Granule Neurons from Apoptosis by Blocking
Bim Induction and Mitochondrial Death Signaling

Daniel A. Linseman, Reid A. Phelps, Ron J. Bouchard, Tracey A. Laessig, Shoshona S. Le, and
Kim A. Heidenreich

Department of Pharmacology, University of Colorado Health Sciences Center and Denver
Veterans Affairs Medical Center, Denver, Colorado 80220, USA

Cerebellar granule neurons (CGNs) die by apoptosis when deprived of serum and depolarizing
potassium. Insulin-like growth factor-I (IGF-I) rescues CGNs from apoptosis, but the
mechanism of IGF-I neuroprotection is unclear. In the current study, we identified the intrinsic
(mitochondrial) death pathway as a principal target of IGF-I action. In CGNs undergoing
apoptosis, IGF-I blocked activation of both the executioner caspase-3 and the intrinsic initiator
caspase-9. Upstream of caspase-9, IGF-I inhibited release of cytochrome C from mitochondria
and its redistribution to focal complexes localized in neuronal processes. IGF-I had no effect on
mitochondrial swelling or depolarization, but significantly attenuated induction of the pro-
apoptotic Bcl-2 family member Bim. Although the transcription factor c-Jun has been shown to
regulate Bim, IGF-I did not block c-Jun phosphorylation in trophic factor-deprived CGNs. In
contrast, IGF-I significantly inhibited dephosphorylation and nuclear localization of the forkhead
transcription factor, FKHRL1, also recently implicated in the regulation of Bim expression. Bim
induction, cytochrome C release and caspase activation were also blocked by cycloheximide,
suggesting that de novo synthesis of Bim is required for CGN apoptosis. We conclude that IGF-
I rescues CGNs from apoptosis by blocking intrinsic death signaling at the level of FKHRLI1
regulation of Bim. This work was supported by grants from the USAMRC (DAMD17-99-1-
9481), NIH (NS38619-01A1) and VA (Merit Award and REAP Award) to K.A.H.
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ROTENONE INDUCES DEATH OF PRIMARY DOPAMINE
NEURONS BY A CASPASE-DEPENDENT MECHANISM
F.A. Ahmadil’fi;_D. Linseman2’4; R. Bouchard2’4; S. Jonesl; C.R.
Freed"**; K.A. Heidenreich®**; W.M. Zawada'”

1. Clin Pharmacol, 2. Pharmacol, 3. Neuroscience Program, Univ
Colorado Hlth Sci Ctr, Denver, CO, USA

4. VA Hospital, Denver, CO, USA

In rats, pesticide rotenone induces degeneration of dopamine neurons and
parkinsonian-like pathology. To understand the mechanism of
rotenone-induced toxicity in dopamine neurons, we have established an in
vitro model in the primary ventral mesencephalic (VM) cultures from E15
rats. After 11 hrs of exposure to 30nM rotenone, the number of dopamine
neurons identified by tyrosine hydroxylase Ab (TH+) declined rapidly with
only 23% of the neurons surviving. By contrast, 73% of total cells survived
rotenone treatment indicating that TH+ neurons are more sensitive to
rotenone. Rotenone's inhibition of mitochondrial complex I reduced ATP
levels by 64% (10nM) and 77% (30nM). The more severe loss of ATP
induced by 30nM rotenone correlated with a 159% increase in propidium
1odide (PI) staining of the VM cells, predicting raise in necrotic cell death.
By contrast, 10nM rotenone, which induced a less severe ATP loss, had
no effect on PI staining. To examine the role of apoptosis in TH+ neuron
death, cultures were stained with Hoechst DNA dye. At 3 and 10nM
rotenone, the number of TH+ neurons with apoptotic morphology
increased by 26% and 38%, respectively and correlated with a raise in
active caspase-3 immunostaining inside TH+ neurons. Increasing the ATP
levels with glucose and creatine or caspase inhibition with YVAD-CMK
rescued a subset of TH+ neurons from rotenone-induced death. Our
results demonstrate that rotenone at low concentrations induces caspase-3
mediated apoptosis, while necrosis becomes an important cell death
mechanism at high concentrations of this pesticide.

Supported by: NS39105, NS48711




Caz+/calm0dulin-dependent protein kinase II promotes neuronal survival by
inhibiting HDAC repression of MEF2D

Daniel A. Linseman, Christopher M. Bartley, Mary Kay Meintzer, Shoshona S. Le, Traccy
A. Laessig, Ron J. Bouchard, and Kim A. Heidenreich

Department of Pharmacology, University of Colorado Health Sciences Center and the Denver
Veterans Affairs Medical Center, Denver, Colorado 80220

Ca2+/cahnodulin-dependent protein kinase IT (CaMKII) function is required for synaptic
plasticity and activity-dependent neuronal survival, but the mechanism underlying its
neuroprotective effects is unclear. Here, we investigate the effects of CaMKII on the survival of
primary cerebellar granule neurons. Granule neuron survival depends on the activity of myocyte
enhancer factor 2D (MEF2D), a transcription factor that is regulated in a Ca’*-dependent
manner. Induction of granule neuron apoptosis by removal of depolarizing potassium induced
rapid cytoplasm-to-nuclear translocation of the MEF2 repressor, histone deacetylase 5 (HDACS).
This effect was mimicked by addition of the CaMK inhibitor KN93, consistent with a
mechanism by which CaMK phosphorylation of HDACS prevents its nuclear localization.
Induction of HDACS nuclear translocation by KN93 was associated with a marked loss of
MEF2-dependent transcriptional activity, activation of caspase-3, and chromatin condensation
and fragmentation. As an alternative approach to selectively decrease CaMKII activity, granule
neurons were incubated with a fluorescein-labeled, phosphorothioate antisense oligonucleotide to
CaMKIIo. Antisense to CaMKlIla decreased CaMKII protein expression and induced shuttling
of HDACS to the nucleus. The antisense also induced caspase-3 activation and apoptosis,
whereas a missense control oligonucleotide had no effect on neuronal survival. These results
suggest that CaMKII promotes the activity-dependent survival of cerebellar granule neurons by
preventing HDACS localization to the nucleus. In this manner, CaMKII sustains the activity of
MEF2D by blocking HDAC-mediated repression of this critical pro-survival transcription factor.
Supported by a VA merit award (KAH), a VA research enhancement award program (DAL and
KAH), and (in part) by research grants from the NCI Cancer Education Grant R25 CA49981
and the ACS Colorado Division, Brooks Trust (CMB).




